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GENERAL INTRODUCTION TO Thf, swnTwg 


During the past few years the civilised world has b|gun to realise th 
advantages accruing fo scientific research, with the result that an evei 
increasing amount or time and thought is being devoted to various branthe 
of science. 

No study has progressed more rapidlj* than chemistry. This scienc 
may bo divided roughly into several branches: namely, Organic, Physical 
•Iuorgamc, and .Analytical Chemistry. It is impossible to writo any siugl 
textbook which shall contain within its two covers a thorough treatment o 
amp one of these branches, owing to the vast amount of information that ha 
been accumulated. The need is rather for a series of text-books dealing mor< 
Dr less comprehensively with each branch of chemistry. This has already 
been attempted by enterprising firms, so far as physical and analytiea 
chemistry are concerned; and the present series is designed to meet th< 
needs of inorganic chemists. One great advantage of this procedure lies ii 
tho fact that our knowledge of the different sections of science does not 
progress at the same rate. Consequently, as soon as^ftiy particular pari 
advances out'of proportion to othors, the volume dealing with that sectior 
may bo easily revised or rewritten as occasion require). 

Some method of classifying the cletnenU for ’■fcriitment in this way is 
clearly^Hsent.ial, and we have adopted thff Periodic 01assifieatid% with slight 
alterations, devoting a whole volume to tho consideration^ the elements in 
each vertical column, as will be evident from a <dnnni* «/.»».£.« — 

♦Frontispiece. 

In tfio first \uiuuie, m addition to a detailed accountEtements 
of Group 0, the general principles of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material for this volume, 
and an attempt has been made to present to the reader £ Jlear account fif 
the principles upon which our knowledge of modern Inorganic Chemistry 
is based. . % 

tho outset jt^nay be woll to explain that it was not intended to write 
a gompleto text-book of Physical Chemistry. Numerous excellent works 
hfwrelllready boon dcnotec^to this gubject, aiyj. a volmno on such lines would 
• scarcely serve as a suitabft introduction to this series. Whilst 'Physical 
Chemistry deals with, the general principles applied to all branches of 
# theoretjpal chemistry, our aim has been to emphasise their application to 
Inorganic Chemistry, with which branch of the subject this series of text¬ 
books is exclusively concerned. Tt» this end practically all JJio flltistfatiois 
ter the laws •and principles discussed in Volume I. dealgwith inorgauio 
substances. • • * • % 

# Again, there are many.subjects, such a3 the methods employed,id the 
accurate determination of Itomic weights, which*##™ rmf vA 11-rr J 

▼ii 
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.as forming part of Physical Chemistry. * Yet these are subjects suf reme 
importance to the student of Inorganic Chemistry, and are accordingly 
included rin the Introduction. ( f ( 

l{ydrogen and the ammonium salts are dealt with in Volume IT., along 
with tho Elements of Group l. The position of tiie rare earth metals in the 
periodic Classification has for mapy yea A been a source of difficulty. They 
ha<:o all been included in Volume IV., along with the Elements of Group HI., 
as this »Vii8 found to be the most suitable place for them. 

Many alloys and compounds have an equal claim to bo considered «in two 
or more volumes of this series, but this would entail unnecessary duplication. 
For example, aCoys of copper ahd tin might be dealt v/ith in Volumes II. and 
V. respectively. Similarly, certain double salts—such, for example, as ferrous 
ammonium sulphate—might very logically be includ^ in Volume II. under 
ammonium, and in Volume IX. under iron. As a general rule this difficulty 
has beon overcome by treating complex substances, containing two or more 
metals or bases, in that volume dealing with the metal or base which belongs 
to the highest group of the Periodic Table. For example, the alloys of copper 
and tiu are detailed in Volume V. along with tin, since copper occur^earlier,* 
namely in Volume II. Similarly, ferrous ammonium sulphate is discussed in 
Volume IX. under iron, and not under ammonium in Volume II. The ferro- 
cyanides are likewise dealt w'th in Volume IX. 

But even with this arrangement it has not always been found easy to 
adopt a perfectly logical line of treatment. For example, in the chromates 
and permanganates the chromium and manganese function as part of the 
acid radicles and are analogous to sulphur and chlorine in sulphates and 
perchlorates; so that they should be treated in tho volume dealing with the 
metal acting as ba namely, in tl o case of potassium permanganate, under 
potassium in Volume Tl. But the alkali'permanganates possess such close 
analogies with one anotj »er that separate treatment of these salts hardly seems 
desirable. They are t|An‘ fore considered in Volume VIII. 

Numero^io other liltle irregulairties of a like nature occur, but it;« hoped 
that, by means o{ carefully compiled indexes and frequent cross referencing 
m the tei-ts of the separate volumes, the student will experience no difficulty 
in finding the information he Requires. 1 <. € 

Pafvicnfat has been taken with the sections dealing with the atomic 
weights of the elements in question. The figures given are not necessarily 
those to be found in the original memoirs, but have been recalculated, except 
vdioro otherwise Seated, using tho following fundamental values:— 

- Hydrogen = 1 •00762. Oxygen = IGUOO. 

Sodium = 22-996. . Sulphur 32 0(55. 

Potassium = 39-100. Fluorine^ EXH^ 

Silver = 107 880. Chlorine- 35*457. 

Carbon 12 0<;.3. c P.ro^tfnc = 79 $16. 

lS*rtrogen =- 14-008. lodffie = 126-920. 

« * , 

By adopting this method it is easy to compare direetly the results o£ earlier 

investigators with those of more recent date, and moreover it renders the 
c^ata, Vor Coo different elements strictly (comparable throughout .the whoje 
series. t ‘ c ( - 

Our aim fcas ‘notH^eiuto make the volumes absolutely exhaustive, as 
this would render Vhem unnecessarily bulky an^l expensive; rather has Q it 
been to contribute concise and suggestive accounts of the various topics, 
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and to {Tppfcn<♦ numerous references to the leading works and memoirs dealings 
with the same. Every effort* lms Jmen made to render theso references 
accurate and reliable, a^d it is hopetjju^fc thoy will prove a useful feature 
of the series. The more important abbreviations, which aro substantially 
the same as those adopted by the Chemical Society, are detailed in the 
subjoined list. • 

In order that the series shall attain the maximum utility, it is noces^try 
to arrange for a certain amount of uniformity throughout, and this fnvolves 
the suppression of the personality of the individual author to a corresponding , 
extent for ^he sake of the common welfare. % It is at once my duty and my 
pleasure to express m^ sincere appreciation of the kind anoTready inanitfr 
in which the authors have accommodated themselves this task, which, 
without their hearty cooperation, could never have been successful. Finally, 

I wish to acknowledge the unfailing couilesy of the publishers, MeSsrs 
Charles Griffin & Co., who have done everything in their power to render the 
work straightforward and easy. 


fyplcmber 1016 . 


J. NEWTON FRIEND. 



ritiM' auu. TV Tim SECOND EDITION 
OF VOLUME I. 

PARTS I. AND II. 


«.o vmj uwo years have elapsed since the first edition of this volume received 
publication, and as, moreover,* during this period investigations in pure 
science have been greatly retarded by the war, it was felt to be neither 
necessary nor dcsirablo to institute any fundamental' flange in this second 
edition. The Authors have therefore in the main confined their altera¬ 
tions to— 

1. Correction of such verbal or other mistakes in the first edition as 

chave been brought to their notice. , - 

2. Revision and addition of such physical and other data as secined 

desirable in view of the latosj published researches. <* 

3. Addition of references to the most recent literature dealing with the 
various subjects under discussion. 

4. Re-writing the section on Valency in considerably greater detail. 

In conclusion, the Authors desire to thank their readers for the kind 
reception accorded,-to the first edition of this volume. 


J. N. F. 

H. F. V. L. 
W. E. S. T. 
H. VfA.B. 

November 1916. . 


PREFACE TO THU THIRD EDITION 
OF VOLUME I. 

( 

PARTS I. AM) II. 

In view of the fact fnat veryofew invesVigalioipMn pure science have bSeiy 

aurried out since the second edition of this volume was issued, it has been 

c 

judged desirable to publish this thud edition without making any atypratioiiju 
in the text. 

J. N. F 

'h. f. v. r, 
w. e: s. t. 
h. v. A. JJ 


June 1, 1*91 f 



PREFACE TO PART I. 

(FIRST EDITION). . 


The preparation of inis introductory I'art has proved to bo a^task of peculiar 
difficulty. At thtf outset we would emphasise the fact t|at our aim has not 
been to write a c$rrtpleto text-book of Physical Chemistry. Numerous 
excellent works have already been devoted to this subject, and we felt that a 
volume on such lines would scarcely se*n'e as a suitable introduction to this 
series. Whilst Physical Chemistry deals wifrh the general principles applied 
to all branches of theoretical chemistry, wo have been desirous of emphasising 
their application to Inorganic Chemistry, with which branch of tho subjeqj 
thi#serios of text-books is exclusively concerned. To this end practically all 
tlje illustrations to tho laws and principles discussed deal with inorganic 
substance* 9 

Again, there are many subjects, such as the methods employed in the 
accurate determination of atomic weights, which are not generally regarded 
as forming part of Physical Chemistry. Yet these are subjects of supreme 
importance to the student of Inorganic Chemistry, and are accordingly 
included in this Introduction. 

Wo have attempted in the opening Chapter to prq£?nt to tho reader % 
concise account of tho Fundanicfhtal Laws upon whmli the modern study of 
Inorganic Chemistry rests, and to show how they wave i/ecn confirmed by 
modern experimental research. In the Two iuccccdiug chapters tho general 
Propel lies of Elements and Compound s*aro discussen, whilst Chapter IV. is 
devoted to the stud^ of the various methods of determining 'Molecular Weights 
and the discussion of the values sometimes obtained. Chemical Change and 

# the Properties of ifeids, flases, and Salts form.the «ifbject matter of Chapters 
V. and VI. 

Tho determination of the Atomic and Equivalent or Combining Weights of 
the Elements is dealt with in Chapter VII. Several pages are here devoted to 
a discussion of the best meiyis of carrying out the necessanf Chemical proceapes 
Involved, and attention is drawn to the numerous experimental errors that 
must be guarded against if results of thp highest accuracy are to*be obtained 
By»way of itlusfc’ation, a full account is given of the methods employed by 
Rfcljgrds and his collaborators in determining the atomic weight of lithium, 
-by precipitation of The •hloridoewilh silver nitrate* As a second example 
we have chosen Guye’s researches on the atomic weight of»nitrogen^ as it 
involves the determination of the densities of highly purified gases. * # 

• These descriptions will, we hope, cnablo the student to realise to what 
a high degree of accuracy it isjjossiblo to attain in modern chemical and 
-physical -research. 

A short Account of Series Lines in Spectra, the Zeeman Effect, and the con¬ 
nection between Spectra and Atomic Woights i»als# Tnchjlcd*in Chapter VII. 
/^ack of space has prevented us from dealing^ with the general .subject of 
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SpectroscopJ in this volume in Chapter *h., but an account of &b?orptitin and 
Phosphorescence Spectra will, bo found in Volumo IV. of this series, in con¬ 
nection with the Raro Earths. n , , 

fj'he final chapter is devoted to the Classification of the Elements and a 
consideration pf their Valency. 

„ It seems impossible to find v perfectly logical ordor of sequence for such 
a wide range of subjects, and some of our readers may think that the material 
migtit have been moro suitably arranged. In reply we can only say that the 
present scheme was decided upon after vory careful consideration of th*e whole 
probloin, and although wo realiso its imperfections, wo believe it to bo on tho 
wholo a fairly*satisfactory one. Since, moreover, the book is addressed to 
students who already possess an elementary knowledge gjf chemistry and 
physics, the occasional departures from logical order should not create any 
difficulties. By means of the full index and frequent cross-referencing in 
tho text, the student should expericufe no difficulty in finding tho information 
he requires. < 

A considerable amount of entirely now material has been introduced into 
the different chapters, and is hero presented and discussed, wo believjj for the’ 
first time in book form. * 

In an attempt to cover so wide a field in the space afforded by some 51)0 
pages, it is obviously impossible to deal exhaustively with the wi.olc of the 
subjects. Our aim, therefore, has been lo contribute concise and suggestive 
accounts of the various topics, and to append numerous references to the lead¬ 
ing works and memoirs dealing with the same. Every effort has been made 
to render those referencesVccurato and reliable, and it is hoped that they will 
prove a useful feature of the work. The abbreviations are, substantially the 
same as those adopt'd by the Chemical Society. 

The various sources from which wo iiavo culled information are, we 
believe, fully ackqowlet^ied in the text, but we take this opportunity of ex¬ 
pressing our indebtednor. to tho Geological Department of tho Imperial 
College of Spence am/ Technology for the drawings upon which mo.-*’of our 
crystallography diagrams are based, and to Mr Eric Sinkinson, of the Imperial 
Cellege of Science and Technology, for executing several of the oilier diagrams. 

J. NEWTON FRIEND. 

II. F. V. LITTLE. 

W. E. S. TURNER. 


August 1014. 



PREFACE T() PART ’ll. 

(b'lUKT KJU’J'JCliM) 

In tho second purl th# Author has endeavoured to present a full and clear 
account of the present state of our knowledge of the inert gases of tho atmo¬ 
sphere, and especially of those points which are. Of interest to chemists. 

Hitherto the most complete account in Hhglish of these gases has been 
given by Ramsay in The (Jam of the Atmosphere, and by Travers in The 
St%dy of^JJam, and tho Author would here like to express his indebtedness* 
to tHfcse works. 

# The present work differs materially in several ways from its predecessors 
(<?.</. in dealing in detail with the evidence for iuk? against tho common belief 
in the inertness of the clemonts of Group 0), and it lias been the aim through¬ 
out to draw a clear line of demarcation between what is definitely known 
concerning the inert gases and whatsis uncertain or speculative. 

Particular caro has been taken to furnish numerous and accurate 
references to the leading literature on the subject, so that readers wishing 
to study any of the sections in further detail may be abl^o do so with tho 
minimum of trouble. 

In conclusion, the Authoi ywmics 10 r^aiiK ur J. wow ton Friend and Mr 
H. F. V. Little, ll.Sc., for their kindly criticism of TiS^MS., and to acknow¬ 
ledge th# assistance of these gentlemen anTl of Miss It. K. Stevenson, B.Se., 
and Mr W. Jevons, 4-RG.S., 15.Sc, in correcting the proof** • 

Tho plate of spectra lias been reproduced from photographs taken in tho 
fbtrophygical Laboratory of the Royal College of Science^ pxdjbo Author’s 
thanks are due to Professor A. Fowler, F.R.S., for kind assistance # in its 
preparation. 

H. V. A. BRISCOE. 


August 1914. 
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CHAPTER I. 

.THE FUNDAMENTALS OF CHEMICAL SCIENCE. 

Introductory; Chemical and Physical Changes.—The various changes 
that bodies undergo may be divided into two classes, termed Physical 
Changes and Chemical Changes. Physical changes affect only a few 
of the properties of bodies concerned ; their consideration forms the subjeot 
of Physics. Chemical changes aro of a more profound nature; the bodies 
concerned in them disappear, and their*places are takiffi by other bodies. 
possessing other properties. * • 

It is not easy to draw a sharp distention botwren thfse two classes of 
ohangos, but the nature of the differences b£twecn*thcm may be indicated 
by a fevt oft-quoted examples. Consider*for examp]* a piece* *)f sulphur. 
It is a pale yellow, .solid body of low specific gravity. \y'en rubbed witli 
a cloth, it acquires the property of attracting scraps of paper and other 
fight objects, i.e. it iJecomcs electrified. It stiK refaihs it^ ofchqjpproperties 
unchanged, however, and can be made to lose its new property of electrifica¬ 
tion without bringing about a change in any of its other properties. The 
electrification of sulphur is therefore a physical change. VVTicn the sulphur 
is heated, it easily melts, forming a yellow liquid ; on coolings it again passe? 
into the solid state. It is not so easy to understand why this change should 
be classed as physical; but for reason* that will appear later, change of.' 
state is usually regarded as a physical phenomenon. 

•Mfchen the piece of sulphur is brought into contact with a flame,’a 
profound change^ occurs, ije sulphur catctes fire, affil burns with a paje' 
■*blue flame; eventually it disappears completely. At the %ime tirrfe, ^ 
characteristic smell is noticed, indicating thyit something has been produced 
that was not present initially. In fact, a portion of the surrounding air 
disappears-with the sulphur, and jx colourless gas (sulplgir dioxide) wtyh 
" a powerful odour is produced. When sulphur burns, therefcae, & chenficaf . 
- Change occurs. . • 

. . .Mercury or quicksilver is a mobile, silver-white* shilling ffcjuid of high 
• Bpecifio gravity and boiling^oint. When a littl* mercury is boated, in air , 

& considerable time at a temperature slightly below its boiliue-ooin’t the 
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.occurrence 61 . a ohOBSioal'change is nfede evMent»by. tbepafp4Mh$ jrf ' •[: 
newied body on.tha surface Qf the. mercury,' Here again the ,air tabes part 
fn the obangb. If the experiment ,.il parried out in. a closed vessel,?the red 
body, eventually ceases to be formed, and the gas which remains (mainly! 
nitrogen), is fqund to differ from ordinary air sinco it extinguishes a lighted 
gnatch. , f 

■ When thfe new red body (mercuric oxide) id heated in a tnbo, it darkens 
coilsiderably in colour, and ultimately becomes almost black. This isjpniy. 
a physioal change, and, on cooling, the body resumes its former appearance. 
A chemical change occurs, however, when the body is more intensely heatedii 
hjeroury is observed on the cool parts of the tube, and a colourless gas (oxygen) 
is produced that ij easily shown to differ from ordinary, air sinco a splint 
of wood that just glows in air hursts into flame whfn,plungod info the gas.' 
If Ahe heating is prolonged sufficiently, the red body completely disappears. 

A ohemical change also takes pi,ace when a little mercury and sulphur 
are rubbed together vigorously in a mortar. Much of the mercury and 
sulphur disappear, and a new black body (mercuric sulphido) makes .its 
appearance. ^>.■ 

Chemical changes are a matter of common observation in dail/’lif^; the 
burning of coal, oil, and gas, and the decaying of dead vegetable and animal 
matter are familiar proeeises which are readily seen to comq, under this 
heading. The science of Chemistry is concerned with the elucidation of the 
laws relating to those phenomena. 

■ The laws of chemical combination will be discussed in this chapter, and 
the classification of chemical changes, etc., considered later (see Chap. V.). 

The Conservation Of Mass. —The quantitative study of chemical 
changes has led to the formulation of a fundamental law, which applies to till 
changes, both physica^aud chemical. Thi s is the Law of the Conserva¬ 
tion of MaSS \ it miV be stated in the form that the mass of a system it 
mattered by any change that occurS within it, or that in a chemical change 
the total mqts of the Substances that disappear is equal to the total nqiss of the 
substances produced. For example, referring to one of the changes already 
taentioned, the mkss of the mercuric sulphide formed’is precisely equal to 
the sum <(f the masses of thq mercury and sulphur that disappear. In the 
chemical cmujge that takes place when sulphur burns, tho law does, not, at 
first sight, appear to hold ; but this is due to the fact that two of the three 
bodies ooncerned in the change are colourless gases. When the diminution 
<tn the mass of Hie surrounding air is determinjd, and also the mass of the 
gaseous substaAce produced, it is found that tho lattor exce Is the former 
r by oxactl^ the mass of the sulphur that disappears. , ... 

The discovery that, in the formation and decomposition of mercuric 
Oxide, the combined masses of the mercury and oxygen taking part ln c the 
changes arc equal to^he mass of the mercuric o\(de, is duo ( to LavofsiS', and 
is of great historical interest to the chemist. fact, it was by Lavoisier l 
f that the Law of the Conservation of Mass was fir|t clearly perceived and 
’ stated. It* is .,ot difficult to realise that such a law should have escajtb^thd 
■' attention of the early chemists, unacquainted as they were with the ?xisten&. 
rtf differed,, gjsei^ and unaccustomed to placing any reliance on measuremdhtl 
pf mass (or weight) in interpreting tfie nature of chemical changes. y 

' Althought is difllcvIt fo realise how chemistry could exist as an exaotp 


\ ilsvoiaier, (Euvres, vol. i. p. 101. 
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w^Jona$rvMim or Mass were non srue, unnu&fc heyer-v 
®lew be, borne In mind that the law rests upon a purely experimental 
1, Its ttuth is assumed in all quantitative Chemical work, and the asgumptioft 
•has never led to contradictory concisions. The indirect evidence or the 
validity'of the law is supplemented by the results of direct experiments, 
especially undertaken with thcxobject of putting tlio law # to the*test. THfteer^ * 
different reactions were studied by LandoTt' 1 with the greatest care/ the 
* method employed being briefly as follows. The materials used in a reaction 
were cqjitainefl iu the limbs of. a sealed, inverted U-tube, which, after being 
weighed against a similar counterpoise, was righted in order to mix the 
materials aud cause th8 roaetion to take place? The weight \va%then observed 
again- The contents of the counterpoise were then mixed, and a third weigh¬ 
ing made. The conjdiydon finally reached by LandoltVas that in these, 
reactions there was no diTerence between the masses of the systems be{pre 
and after chemical change greater than could bo attributed to error in 
weighing. The latter was only 0*03 mgrw., # and the masses of the reacting 
systems were of the order of 300 grins 

.* Additional evidence of the accuracy of the law is contained in the data 
supnJiett^by Stas 2 in his syntheses of silver bromide and iodide; by Morley 8 
and Noyes 4 in their syntheses of water; by Edgar 5 * in his syntheses of 
hydrogen chloride, and by Oray® in his analyses^ nitric oxide. 7 Hence, jf 
any changes in mass do occur in chemical roactions, they must be far too 
small to be of any practical importance to tho chemist; and the Law of the 
Conservation of Mass may be classed among the exact laws. 

The Conservation of Energy.—-Corresponding to the principle of the 
conservation of mass there is Another fundamental physical principle con¬ 
cerning energy. The general statement of*tlio principle of ^ho Conservation 
of Energy is as follows:— 8 • 

The total energy of any material system is a quantity which can neither be 
increased nor diminished by any action hetoreenf-he pa^ts of the system, though 
it may ty transformed into any of the form% of which energy is susceptible. 

The energy content of tho products of a chornical change !b, iu general, 
however, different fitmi that of the starting materials, and*tnis is manifested 
ma a rule by the ovoiution #or absorption of heat dyrjng the roaetion. This 
phenomenon will bo discussed in some detail in abater chapter (Chaj? V. p. 161). 

Although the total quantity of energy in tho universe is constftivt, it is 
not all available to man for the purpose of doing work. During every trans¬ 
formation some energy is converted into heat, which b^pmes uniformly 
diffused and is therefore generally regarded as being unavailable inasmuch 
As further change is'deemed impossible. If this be granted , it i? clear that 
the total available energy is steadily diminishing, while the unavailable 
engr^y is as steadily increasing, and a time must come when all the available 

1 Landolt, Silzungsber. K. AkfyL. I Fins. Berlin, 301 ; 1906, 266; 1^08,354 ; Zfitsch, 
physikal. Chem ., 1893, 12 , 1 ; 1906, 55, 689 ; Ohm. News, 1906, 93 , 271; review by ffriji 
\k j. Ohim. phys., 1908, 6*625. • 

. 3 ' St«, CBuvrcs computes, Brussels, 1891, vol. 1 . pp. 308, 419. 

* Morley, Smithsonian Contributions, 1895, 29 , No. 980, 

4 Notc$ J. Amer. Chem. Soc., 1907,% 9 , 1718. 

4 Edgar, Phil. Trans., 1909, A, 209 , 1. * ' 

•“Gray, Trans. Chem. Soc., 1905, 87 .1601. ® 

Manley, Proc. Roy. Soc., 1912, A, 87 , 202 f Phil. Trctf*., 1*12, A. 212/237 

* 9 'Clerk Maxwell, Matter and Motion (Society (or Promoting Christian 'KnywlWg® 

JS W p. 00; . * •*'* * 
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energy of th6 universe will become unavailable, the ^niverse itself Repining 
a uniformly hot, inert mass. JThis doctrine is known as the Dissipation C« 
Energy,. The fact, however, that Ve are not at present acquainted with 
any method of rendering uniformly flifffisod heat available does not necessarily 
impty’ that it is actually incapable of being rendered so; and it may well be 
that, by processes no^yet understood, the so-called unavailable energy is being 
bontinuously transformed into available energy, so that the universe may 
never reach the state of equilibrium and inertnoss referred to above. 1 

Mixtures and Homogeneous Substances. — Simple inspection 
reveals the fact that certain substances do not possess identical^propertiee 
throughout. Pius, the existence of three different inaterials *in granite is 
hrfmediately obvious when a piece of that substance is examined. By 
breaking up the granite into small fragments, these ,.tl^ee materials become 
mechanically separated; and a further examination discloses differences in 
density, crystalline form, etc., between the three materials. 

On the other hand, a piece qf the mineral known as Iceland Spar shows 
no obvious differences in properties in different places, neither does it do sc 
when reduced to fragments. On the contrary, a careful study of the specific 
physical properties 2 of the fragments shows that they are all spedWiogs ol 
the same substance. 

A substance, such as Iceland Spar, which ordinary observation does ftol 
show to consist of different parts, is said to be homogeneous ; the minutes! 
portion that can be mechanically detached possesses the same specific physica, 
properties as does the substance in bulk. A homogeneous mass is also referrec 
to as a phase. Materials, such as granite, which possess different propertie? 
in different parts, are said to be heterogeneous, or are called mixtures 
Chemistry is primarily concerned with the study of homogeneous substances 
and in the following pages tho term “ substance ” will be used to denoti 
“ homogeneous substa*;e.” 

Solutions.— It wifi be ,seen ( subsequently that substances may to 
divided into three groups. Tho substances belonging to one of thei$ group; 
are in many respects analogous to mixtures; accordingly, some chemist 
nestrict the application of the term “substance” to the other two group; 
only, 8 excluding this paj'tfcuhu* group, winch comprises solutions. . o 

The sigV’fig&nie of the term “solution” may bo best explained by means 
of an example. If a small quantity of common salt be added to water, it dis¬ 
appears, and, either as the result of long standing or of stirring, a homogeneous 
liquid mass is Stained, termed a solution of salt in water. If further 
additions of small amounts of salt bo made, they too disappear, until 
eventuallySi limit is reached, after which further quantities of salt cease to 


1 Tin’s point has been fully discussed by H. S. Shelton {The Oxford and Cavtfyftdge 
fcview, 1912, No. 17, 158-1801 to whose fuimioir the rAder preferred for further 

detail*. t*. c ... 

o * It ia a fundamental law that when a number of bodies are found to agree exactly m a 
ftw of their ‘properties, further examination show’s them tu agree exactly in all their 
properties; such bodies are said to be specimens of one and the same substance. The 
“substance” is therefore a conception derived by abstracting the properties common to all 
i£s specimens. By properties or specific propertied is here understood those, »ugh as colour, 
hardness, spefcifijf gravity, etc., which Hire tat same in all parts of the bodice, excluding tho 
attribute* of tQass^shape, ^tc . t which differentiate the different specimens and the condition4 
of pressure, temC.eratfpy, etc. 4 , which may be altered at will. 

s Of, Gstwald, The Principles of Inorganic Chemistry, trans. by Findlay, 3rd editing 
(Maomlllan & Ct>., 1908), £ r 
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disappeaf and* remain in the *«olid *state. Thus, salt #nd water may be 
brought together in Any proportions comprised,between certain limite,'*arith 
the production of a homogeneous liquid.'^Moreover, ooptinuous*vari^tioB8 irf 
the relative amounts of salt and water are associated with continuous changes 
in the physical properties of the resulting liquid. In this instance, * the 
inferior limit to the amount of salt is zero ^ the superior limit is found to^ 
vary both with temperature add pressure. 

^Although the constituents of the solution, salt and water, canpot be 
mechanically detached, as in the case of a hetorogene.ous mass, the separation 
can nevertheless be ejected by physical means, namely, by causing one of 
them to undergo a chango of state. For instance, by supplying heat to the 
solution the wate^may be converted into vapour and thereby separated frdha 
the salt, which remains in the solid state. Or, by cooling the solution, water 
may be continuously removed as ice, until, in this instance, after the remaining 
solution has reached a certain concentration, further cooling results in the 
production of ft heterogeneous solid mass of ic# and salt. 

A solution, then, may be defined as a homogeneous mass , the composition 
*<)hich may undergo continuous variation (between the limits of its existence ), 
and mutiich may be separated into two (or more) homogeneous substances by 
processes involving change of state. This definition does not restrict solutions 
to*any particular state of matter. Accordingly there may be gaseous, liquid, 
and solid solutions; and a substance is classed as a solution when, by 
processes involving change of state, it can bo separated into a number of 
other substances A, 11, C, . . and forms one member of a series of substances 
the compositions of which range over all the possible proportions of A, B, C, 
. . . comprised between certain limits. 

Solutions are usually classed as mixtures, being referred to as “ homo¬ 
geneous mixtures ” in order to distinguish them froyi the class of mixtures 
previously mentioned; occasionally, however, they arariescrij>ed as compounds 
of variable composition. 1 * • •. 

The* 3 abject of solution is dealt with irta later diaper (see Ctyp. III.). 

Elements. —Various substances have been already mentioned that do 
not fall under the* heading of solutions, e.g. mercury? sulphur* oxygen, 
Mercuric oxide, mercuric Sulphide, sulphur djpxkH, ^a4t, and water. They 
are therefore “substances” in the narrowest sense of the wor<]. **Trom what 
has been already said concerning these substances, it will be recognised that 
mercury, sulphur, and oxygen aro in a way simpler substances than mercuric 
sulphide, mercuric oxide, ajid sulphur dioxide, for each the last thrqf 
substances is built up from two of the preceding. In fact, fliercury, oxygen, 
and sulphur are representatives of the simplest class of substance—namely, 
tho^e which‘have never yet been separated •into dissimilar parts, by any 
prwqgsses whatsoever. Such substances are called elements ; an element is a 
distinct species of matt9r th%t has n%t yet been shown to composite. All othei 

substances are composed of Iwo or more elements. • • 

The term “elemer^” was originally used in its modern significance \ \* 
jBoyle ^1627-91), and was clearly define?! by Lavoisier in hft Traite d* 
chime (1789). Centuries before the time of Boyle the word was in use; bul 
the anoients and the alchemists fcgajded the “ element^*’ m>t es ma(,eri| 
substances, bflt rather as the fundamental qualities of different sflbstanoes. 

About eighty elements are known at the yresant d<vjr; ^ list qf their 

‘ Of Kahlenberg, Outlines of Chemistry (Macmjllan It Co., 1989). 
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names, ayntbols.andatcimic weights wil! he‘ > foiiSd'aei ; S?*f i &i : 'fMeli!^a|^ 
.argotf) kryptqji, xenon,' niton, hydrogen, oxygen, nitrogen, flujarine, chlorine 
&o ®3&>us &t ebmngra temporatijres,' bromine fgid mercury'are SqUids i 
the remaining elements are solids in ordinary circumstances. Only a few 
occur in nature in the free state. Some elements are much more abundant 
fhan'others; the following table,gives, according to F. W. Clarke, the average 
composition of terrestrial material (including tlfe earth’s crust, the ocean, and 
the atmosphere):— 


Element! 

a 

Per cent. 

Eminent. 

Per cent. 

t Element . f> 

Per cent. 

Oxygen . 

49’8 

Potassium . 

2‘28 

Farjum 

0'09 

■Silicon 

26i 

Hydrogen . 

0-95 

Mangancso 

0-07 

Aluminium 

7*34 

Titanium . 

0-37 

Strontium . . 

0’03 

Iron . . ’ . 

4-11 

Chlorine . ' 

0*21 

Nitrogen . 

0‘02 

Calcium . 

819 

Carbdn 

0'19 

Fluorine . 

0-02 

Sodium 

2'33 

Phosphorus 

O’ll 

Remaining ele- 


MagUeanim 

2’24 

Sulphur . 

0*11 

ments . 

0'48 •• 

rj o • 


A. distinction should be drawn between tho terms “element” %nc 
" elementary substance’,” the elements being tho different species o; 
'matter of which elementary substances are made’ 1 Thus, oxygen anc 
mercury in tho free state arc elementary substances, while mercuric oxide 
iyidt supra, p. 4) contains the two elements mercury and oxygen. This 
distinction of terms is not always maintained, and very little ambiguity k 
thereby occasioned; but it is often convenient, for an element may exist ir 
the free state in mSre than one form. There are, for instance, two elementary 
substances corresponding to the one element oxygen. This phenomenon if 
termed allotropy; it' is exhibited, by numerous eloments, and will be 
discussed later (p. 64). 

The elements rna/be divided into two classes, metals and non-5netalS, 
The. division is til srely one of convenience, and is imperfect, for no hard and 
fhst line, of demarcation between tho two classes can bji drawn. The wore; 
metals incite the, gas’eauf elements and bromine, sulphur, selenium, tpllurinra, 
phosphorus, arsenic, carbon, silicon, boron, and iodine; the metals comprist 
the reclaming elements. The names of the metals and non-motals discovered 
during the last hundred years usually cud in -mm and -on respectively ; the 
dames “seleniu^"*’ and “tellurium” do not conform to this rule, since thek 
substances 6 "’ere originally classed among the metals. 

■ Gold, silver, iron, copper, tin, and lead were known to the anoients 
jneroury was also known in Very early times. The metals a*s a class, an 
distinguished by certain physical properties. They arc opaque in kiftk 
possess a characteristic lustre, and are (ntsre or, less/malleuble and ductile 
.they 'are good conductors of heat and electricity. The formation of alloy! 
&«Hd.aiso J>e mentioned (see pp,,110, 116). Kaeh of the metals, however, 
dqes not exhibit all of these properties in a high degree ; for example, zinc 
biemuthj ftnd antipiony are brittle, and h^pce were regarded throughout ,th< 
Kindle Age's it. semi-metals. Moreover, some of these propertiegare'possessef 
by” certain norrunetals; iodine and tellurium are lustrous, whilst silicon 
granite and, flit a^ed tekt, boron readily conduct electricity. Formeirlypal; 

r ~Z- y; — g— s—— — ^ - —. — . —— — ■ 

Thkdi^itt^tioa wm dearly indicated by MeudeUeff [Annalm Suppl., 1872, l 






m 'mourn ■ 

^re oO^Bid^re^t -t# possess lii^h densities, an/idea tlmt '^as-abwidC 
£htVy~isolated' sodium and* potassium and dcinonatHted th&r tpefc^,. 

The metallic, nature of pgerq|iry was admitted iti 1759* 

K &4 fim frozen. ’’ Y' ; S?*'\ 

The. non-metals differ widely in their physical properties. *A mimber Qi 
;bemare gases; the solid non-metals are byttle, possess low densities, &M 
laually have no lustre and vefy little power of conducting heat or electricity. 

, The metals and non-metals are distinguished not only by their physical, 
but.als® by their chemical properties. A discussion of the latter,, however, 
must be postponed tillJater (see Chap. VI.). ^ 

. The difficulty of drawing a dividing line between metals ant* non-metals.« 
dearly shown by.the existence of an alternative motho^ of classifying tne 
dements, which divides them into three groups, namely, non-metals , metaMo wfo 
and metals. A metalloid is an element which, although it resembles a matal 
in most characteristics, yet lacks some one or more of the features whiofc 
typical metals generally present. Usually, the motalloids possess the fora 
or appearance of metals, but aro moro closely allied to the non-metals, in theb 
Gheeiic^l bohaviour. The following elements are included in the metalloids : 
hydrogen, tellurium, germanium, tin, titanium, zirconium, arsenic, antimony 
bismuth, vanadium, columbium, tantalum, molybdenum, tungsten, anc 
uranium, The name “metalloid” was introduced by Erman and Simhn ji 
1808 ? to describe an element that resembled a true metal. Tn 1811, however 
Berzelius employed the term as synonymous with “ non-metal,” and at fchi 
present time it is still used by some chemists in that sense. It is perhap 
best, therefore, to avoid the use of tho word “metalloid ” altogether. 

Although to the chemist the elements are the ultimate forms of matter 
from which other substances are built up, Mi doos not folio#' that they do no 
possess a complex structure, lifrccent years elements have been discover 
whioh spontaneously break up into other eloments." ¥nese Ranges, however, 
which proceed at definite rates in accordance wiih a simple law, would 
seem to the beyond the power of the chdtnist to contBol. . 

Compounds: Law of Fixed Ratios: Law of Multipje Pro- 
portions-—Two of tho three groups iuto which substances may he divided 
nave now been dealtVith—Mamely, solutions and elementary s'jbstjpces,-—and. 
the,thiref group, exemplified by mercuric oxido, mcrcurio - sulpliide, effilphur 
dioxide, salt, and water, now calls for attention. Substances of this group do 
not possess the properties of solutions, hut nevertheless they are composite, 
ill the sense that each contains at least two elements. 'They are called 
chemical compounds, or simply compounds. Each of ^be above- 
mentioned compounds' contains two elements only. 

The elements^ present in a compound are s«id to be in a state of cheitiicfi*;; 
combination; and the chemical composition of the compound is a statement, 
usually expressed in percentages, .of the restive proportions in whiohVtp 
foments occur. It may he otated at once that, as would he expected* ftwusif'• 
which possess identical*, physical propertiesjire also found to possess identic# 
'oheinic# compositions; 4 the converse, however, is not true. 'v4 t " s 

> Turning now'to a consideration^ the compositions of binary compound^ - 

. *fi '1 -SeeTilden, 'Introduction to Chemical Philosophy (Longmans & Co.), ^‘edition,, 1^01;. 
i'/VErmati and Simon, Gilbert's Annalen, 1808, 28 , 347. „ 0 , 

ol. III. (Radium); Vol. V. (Thorium); Vol.Vir. (Uranium). 

^TRecent researches indicate .that there may be exceptions to tMv 
’%&&f t The Chemistry of the Jiadio-elements (Longmans & CoJ, 2 parts, 1911-14. ■ 



it 


‘ ftoDEBN IlTQlttkNIC CHEMISTRY. 


i.e. compounds containing only two qlenfcnts, the qudaticbnatflraliy'&rwes as 
to the, number of compounds that two elements are caj&ble of forming. 
TJie answer ttiat experiment fumi|Re^is very sir^ple. Two dements unite # 
with pne another in a limited number of definite ratios , separated by finite 
intervals, 1 Tips may be called the Law of Fixed Ratios. As a rule, the 
pumber of ratios is quite small, yarying in different cases from one to five or 
six; but the combining ratios of carbon and hydrogen are very numerous. 
To tak$> an example, carT/on and oxygen unite to form three gaseous compounds, 
known as carbon suboxide, monoxide, and dioxide, in which the carbon and 
oxjgen are in the ratios of 1 to p-8889,1 to 1*333 and J to 2*667 respectively. 2 
Any gaseous b®dy that contains carbon and oxygen only, but not in one of 
tlfb three ratios jqpt quoted, proves to be a mixture; and even if its com¬ 
position is represented by either of the last two ratios* the possibility of its 
beyig a mixture (of some or all of the oxides and oxygen) is not excluded. 

The Law of Fixed Ratios became definitely established as a result of the 
classical controversy bo tween iVoust and Berthollet 8 which lasted from 1802 
to 1808; and subsequent work has served to demonstrate the exactness of 
the law. Although the work of Proust was sufficient to satisfy^ his joif- 
temporarios as to the correctness of the law, his analytical results wem not 
particularly accurate, and partly, perhaps, for this reason, he failed to observe 
a remarkable connection that exists between the various ratios i*i which two 
elements are found to unite. The combining ratios already given for carbon 
and oxygen will serve to illustrate the nature of this connection. It will be 
noticed that 

0*8889 : 1*333 : 2 *667 :: 2 : 3 : 6, 


i.e, the weights of^oxygen that separately unite with unit weight of carbon, 
are in the ratios of small whole numbers. ,Tliis is only one illustration of an 
experimental generalis^Von known as the Law of Multiple Proportions, 
which may be stfted in the following manner : — 

When two element^ unite in niorf than one ratio, the several weights of one 
element thaf’fomhine with a fixed weight of the other element arc in the ratios 
qf simple integer}. \ • 

The-name of DaRon t is usually associated with thisjaw. Its history i| 
very i^ter^ting, Jpr it is almost certain that Dalton first of all deduced the 
law a^ a neceslary consequence of his Atomic Theory, and afterwards found 
in. the compositions of olefiant gas and marsh gas on the one hand, and carbon 
gaonoxide and dj^xide on the other, experimental confirmation of his views. 

The early analyses, tho results of which constituted the experimental 
basis of the Law of Multiple Proportions, were naturally somewhat crude and 
* inaccurate ; the perfection of # analytical methods, effected sineg the law was 
enunciated, has enabled chemists to submit the law to’a more rigdroua 
examination, and theroby to demonstrate its exactness. One examplt will 
suffice. Guy a and Bogdan (vidi infra , p. *279), ij* their gravimetric analyses 
$f nitrous oxide, obtained tho result— ^ 

nitrogen : oxygen :: 1*75100 : 1; 

'• V$ee HaAog^Afaliirg, 1894, So, 149. t _ * 

' , * Carbon Vuboxide cannot be formed directly from its elements. A fourth oxide of carbon 
laknown, but is s8lid,at ortfi^ary temperatures (H, Meyer and Steiner, Ber., 1913, 46 , 818 ; 
JirTard.'/Voc. (Mem. See., 1913, 106). 

Mias’Freund, The Study if Chemical Composition (Cambridge University Press), 190$J. 
oltip. v. ; see also Harfcog, Natpre, 1894, 50» 149. 





tHE FUNDAMENTALS of chemical s&encb* It 1 . 

%he an^ljteS^toitricoxiiJe effected by Gray 1 led to the result- 
nitrogen : oxygen 0*87963 : 1; f 

&nd lastly, Guye and Drtfuginme (victe infra, p. 254) obtained the following 
result for the composition of nitrogen peroxide— 


Now, 


nitrogen i oxygen :: 0*13782 : 1 
1*75100 : 0*87563 : 0-43782 :: 3-9904 : 2 : 1*0000, 


and the three last numbers are in the ratios 


4 : 


2 : 1 


within the limits of e^xy-i mental error. 

Law of Equivalent Ratios: Combining Weights.— Continuing 
the inquiry further, another problem presents itself. Is there any connection^ 
between (i.) the ratios in which two elements qpour in compounds which also 
contain other elements, and (ii.) the ratios in w hioh the same two elements 
combine to form binary compounds'! Hero, again, a very simple relationship 
has Bgef! Observed. The ratios (i.) and (ii.) are all related to one another in 
a simple numerical fashion. One or two instances may bo quoted. The 
confpound njjtrosyl chloride contains nitrogen, oxygon, and chlorine, and the 
ratio of the nitrogen to the oxygen has been found by Guye and Flusa 
(see p. 254) to be 0-8754 to 1. This is practically identical with the 
ratio already given for nitrogon to oxygen in nitric oxide. The ratios 
of lead to sulphur in lead sulphido and lead sulphate were shown 2 by 
Berzelius in 1812 to bo equal. Later, Stas showed that the ratios of silver 
to iodine in silver iodide and silver iodat* were exactly equal, and obtained 
similar results for silver bromide-*silver bromate anc^ silver chloride—silver ^ 
chlorate. 

The Law of Multiple Proportions oniycon^titutes^however, part of a far 
more comprehensive law, dealing with the compositions of all gompounds. 
This law may now be considered, binary compounds being the first to^ receive 
notice. * v . * 

9 Both chlorine and bromine unite with almost*ajl*the other,elements, 
forming substances the compositions of which have in many capes been very 
accurately determined. The following results are typical:—- - 

(i.) One part of silver combines with 0-328668 of chlorine 3 or with, 
0-740785 of bromine; 4 and 0*328668 : 0 74078&-:: 1 : &'%5d9.a 
(ii.) One part of potassium combines with 0-906908 of chlorine 5 or with 
2-04408 of bromine; 6 and 0*906908 : 2-04408 :: 1 ?*2'%589> 

(iii.) One part of morcury unites wtth 0,353491 of chlorine 7 or with 
• 0*7966*10 of bromine; 8 and 0353491 : 0 796610 :: 1 : 

_ _ _; ... 

-*■ « ■*’ 

1 (Jray, Trans. Chem. Soc 19$5, 87 . 1*501. 

8 Berzelius, vide infra ; cf. Ostwald’s Klassiker , No 35. . * 

8 Richards and Wells, Oarncgie Institution Publications, Washington, 1005, No. 28; 


Amcr+Chem. Soc., 1905, 27 , 459. 

* Baxter, J. Amor, Chem. Soc., 1906, 28 , 1322. ' , 

6 Richards and Stahler, Carnegie Institution Publications , Washington. 1907, No;„o9g 
Arner. Chem. Soc., 1907, 29 , 623. * w * ' • 

* Richards and Mueller, Carnegie Institution Publications, ingtwi, 1907, No. 69; 
timer. Chem. Soc., 1907, 29 , 639. 
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ratitf rhlorioe ’: bromine is a p< 
,Torm several i “ 


ralthlorides and hromidgS, thecompbsitione.ofwhicL^ 
tfi© {jaw pf Multiple Proportions, it may therefore be stated tbat.tht? 
quantities Qf chlorine and bromine that unite with a fixed quantity of Otis, 
^element are either ip. the same ratio as are the quantities of those two' 
elements that unite with a fixeS quantity of any other element, or else the 
- ratios ^ra simply related. , o ", 

' 7 The preceding generalisation is found to hold not only for chloyne and 
bromine, but for any two elements whatsoever. The general sj^itemenf of 
the law, known as the Law of Equivalent Ratio*!, maybe expressed in 
\tffe following manner:— # ' ’• 

• . • The ratio* of the masses of two elements that cgmfcinc with one and the 
sape mass of a third element bear a simple numerical relationship to the ratios 
_of the masses of the two elements that combine either with one and the same 
mass of any other dement or witfi one another. 

For example, in nitrogen peroxide one part of nitrogen is combined with 
2*28404.of oxygen, 2 whilst in nitrogen sulphide one part of nitrogen is com¬ 
bined with 2*28901 of sulphur. 8 But, 


2*28404 : 2*28901 :*. 1 : 1*0022, 

and according to the law, there should bo a simple numerical*relationship 
between this ratio and the ratios in which oxygen and sulphur combine 
together. Now, in sulphur dioxide the ratio of oxygen to sulphur is 1 to 
1*0020, 4 which is practically equal to the preceding ratio. 

The law may be expressed more concisely by introducing the notion of 
combining weights or chemical ^equivalents. The combining weight or 
chemical equivalent of an element is the jLumber of parts by weight of the 
element that combine £rith 8 parts by weight of oxygen. 6 In view of the 
existence of the? Law ^f Multiple Proportions, it is clear that an element 
may have a numbeyof combining weights, which will be in the^ratios of 
Simple inte^brs. The Law of Equivalent Ratios may now bo stated in the 
iollowiifg mannlr^ and called the Law of Combining Weights 
" Elements combine witji one another in the ratio j of simple multiples of thejg 
sombipinfaceiffh t $, * .• 

Iq discussing this law, binary compounds alone have been so far considered, 
but & will bo clear from what lias been already stated afr the beginning of 
fchia section (p^ll) that this restriction may be removed, and that the, 
compositions of<all compounds conform to the Law of Combining Weights. 

The determination of combining weights is a matter of fundamental 
importance. According to the preceding law, the c6mbining weight bi.afi 
element may be determined either directly with reference to oxygen, Gi 
indirectly with reference to another element of kqpwn combining \*3%h.t 
Thq latter lgethod Is employed more (ftten than the foftner, and thus il 

v 1 The data fof the chlorides and kromidcs of sodium, cafcjum, silicon, titftniqipi efjc 
(Clarke, vide fafra, p. 13), lead to the same value for the ratio. 

; frGuye and Drouginine, vide infra , p. 13. 

I * ! Burt and UshlL Proc. Boy. Soc,, 1911. A, $$, 82. • 

‘Deduced from the ratios oxygoif : tenurium dioxide :: 0*200485 «1 (&uth»**, An 
1905, 342^286), ami tellurium dioxide : sulphur dioxide : : 1 : 0*40138 (Baker ini 
BWmptt, Tran* Chty Soo.* 190T, 91, 1849). # -\>V 

, ‘.The..value 8' is chosen for oxygen as being one-half its atomic weight,.'whiefr^ 

arbitrarily fixed as \t\vid* infra, p. 231 ). .. 




of eertyjp elcm^oW .'fixt ;&\S$m&$% 
if&^ticm^'.’nncief $bey\are so often utilised >incalculating the-^onibi^Sb^ 
weigkte ot the- others. These ^fundamental” combining*„w$gbtia.jhbftj$S^ 
•these of chlorine, bromifie, iodine, hydlogen, nitrogen/, c&rbon, VjJpj^ir' 
iodium, and potassium. ' . • 

\ ; l Tlre precautions necessary in the accurate measurement *of combining- 
weights are fully dealt with .later, in Cha£ VII. For the calculation- of*.' 
combining weights from all the most reliable data, the student is referred' 
elsewhere . 1 A few simple calculations, which will serve to illustrate the 
, Law of Combining Weights, may not, however, be out of place. , ‘ \; 

Since T0G76 parts uf hydrogen combine \ftth 8 of oxygen to form water , 8 
> the Combining weight of hydrogen is 1:0076. One part of hydrogen unites 
with 35 1935 of chloryie , 8 Now, 1:35-1935:: 1-0076:35-161, and hence the. 
combining weight of chlorine is 85‘461. Since, further, 0*328668 parte of 
ohlorine combine with 1 of silver , 4 and 0-328668:1:-.35-461-.107‘893,-the 
. combining weight of silver is 107‘898. 1 ¥ 

According to Baxter , 5 one part of iodine combines with 0-849906 of silver, 
ajjd as 0*849906:1:: 107-893:126*947, the combining weight of iodine is 
126fyl*. • In an oxido of iodine, however, Baxter and Tilley found that the 
oxygen and iodine were in the ratio of 8 to 25-3827 ; 6 hence another combin- 
ihg*weight of iodine is 25'8827. Now, 25*3827 : ^6-947 5 0018 , so that 

the two combining weights of iodine are in the ratio of one to five within the 
limits of experimental error. , ' \ 

From the ratio, quoted on p. 11, of potassium to chlorine in potas¬ 
sium ohloride, the combining weight of potassium is 89101, if that of 
chlorine is 35-461. The sum is therefore 74 562. Now, potassium chlorate 
differs from potassium chloride in containing oxygei^ and is readily 
converted into potassium chloride by loss of oxygen. In this change, 
1*64382 parts of potassium chlorate yield 1 of poljyssium chloride but 
1: 0*64382:: 74-562:48 004, and the lr«t number is practically equal to 
48, or s^x times tlio combining weight gf oxygen. Hence, in potassium 
chlorate, for each combining weight of potassium there is -cufttif chlorine 
and six of oxygen. • ; * . J\ • 

• Some idea may# be giyen of the concordance Jhat* has been obtaihedf. 
between the various values, arrived at by different methods, |oi*thG«^omJ)imcg" 
weights of certain elements. The preceding proportion is Equivalent t 0 ; 

1 :,0‘64382:: 74*555:48, which indicates that the sum of the com&atogl 
weights of chlorino and potassium is 74*552. The ratios #}roady given/for 
potassium to chlorine, silver chlorine, and silvor to iodine 4hen lead to,th^ 
values 89‘097, 35‘J+58, 107’8SJ/, and 1£6'936 for the combining^vejglit»;,bf 
potassium, chorine, sliver, and iodine, which # only differ by 0*004, 0*003; 
0*009. and 0 - 011"from the values already deduced in another way. 

Tno liaw of Combining Weights is thus seen to be exact: that is to say^no; 
deviations are observed greater thaft those fo#which experimental error ma|/ 

~ _ ___ .. _ __ _. ... 

• , , - • • 
rf* =$ ClaWce, A Recalculation of the Atomic Weights, Smithsonian Collections, W&attTWEton/ 
M hvNo. 8 (1910). . 

V ^Jlorley, Smithsonian Contributions, ft95, 29 , No. 980. 

*-Edgar, PMk Trans., 1909, A, 209 , 1. • 


£ Via*, supra, p. 11 . 

1' Baxter, J. Amer. Chem. Soc., 1910, 32 , 1591. 

Tilley, /. Amer, Chem. Hoe., 1909, 31 , 201 ; BaxterrvWf «*pra , 
3?8t8ider.aijd Meyer, Zeitsch. nnorg. Chem., 1911, 71 , 3?8. 1 f '■ 
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be respomiWe. Its enormous importance wui be at once jitbe tjMdj? 
of cbemioal.cpaiposition would be unmanageable tat for thia'law. • 

♦ ,s Since'a ^hemioal, reaction is «ne in 'which a number of .substances, 1 
elementary or oompound, diaappefr, Going replaced by a number of others/* 
it is‘ not difficult to see that the following law must hold for chemical 
reactions: th& masses of substances , elementary or compound, that are equiva¬ 
lent in any one reaction , i.e. whkh unite with ot interact with the same amount 
of a third substance , are identical with or bear a simple numerical relation to 
the misses equivalent in any other reaction, including that of combination with 
each other. , 

It was from the results of ef periments on the intefactions of elements and 
compounds that the Law of Equivalent Ratios was deduced by Richter at the 
end of the eighteenth century. 1 Richter showed, ar^l aorrSctly explained the 
fact,,that when two neutral salts interact, the resulting salts are still neutral; 
adR also deduced, from the fact (previously observed by Bergmann) that when 
one metal is precipitated from a soltition of a neutral salt by another metal 
the resulting solution is likewise neutral, that the masses of two metals which 
neutralise the same mass of an acid also combiue with equal masses j}f 
oxygen. Further, Richter showed that the quantities of various bases /basic 
oxides) which neutralise a fixed quantity of one acid are in the same 
ratios as the quantities oj the bases which neutralise a fixed quantity of 
another acid. * 

Richter’s experimental results were only rough approximations to the 
truth; the first experiments having any pretensions to accuracy which served 
to demonstrate the truth of tho Law of Equivalent Ratios were made by 
Berzelius in 1811-12, 2 some years after Dalton had promulgated his Atomic 
Theory. 8 The decree of accuracy of the law was subsequently made the 
subject of a special investigation by Stjis, 4 and from the results of his 
extremely caroful ar^J accurate experiments he concluded that the law 
is exact. 

The*-Law of Cpifibining; Volumes.— The laws previously ^liscussed 
deal with xhc^njgularitios that are noticed among tho masses or weights of 
pubstariles con^ivied in chemical changes. The law*which expresses the 
volume, relationships observed in chemical reactions involving gases w%i 
disco v^recN by •Qpy-Ldssao. 'In 1805 Gay-Lussac and Humboldt 5 noticed 
that when hydrogen and oxygen unite to form water, tho respective volumes 
of these gases that enter into combination are in the ratio of two to one 6 when 
pleasured at tlm, same temperature and pressure. The simplicity of this 
relationship led Gay-Lussac to the study of olher gaseous reactions, and in 
18Q§ he #.mnciated the Law of Combining - Volumes, which may be 
Stated in the following manuer: Whenever gases unite, they do sq in proportions 
by vblume (at the same temperature and pressure) which cart be represented by 


*■ Richfer, AnfaryjsgrSnde der Mochiomefoic* 1792-#; Ueber die %eueren Qcgtivsttijn.de 
per Chmie, 1752-1807. • 1 . : , 

* Berzeliu^, Gilbert’s Annalen, 1811, 37 , 249, 415 ; 38 , 181, 227 ; 1812, 46 , 182, 285; 
4 ®; 276. See Ostwald’s Klassitcer, No. 35. # t 

' '® Qf. Miss Ida Freund, opus cit., chap. vii. 

_ •* Stas, (1) “ Retfcerches sur les rapports r^cijtoquea des poids atomiques,” Bull, Acad* 
tov. Belg.y y}08; [ii.], 10 , 208; (Eutm cdkipUtes, Brussels, 1894, i. 308*418 ; (2) “JRciu* 
Vellei vecherclies yjr les lois des proportions chimiques sur les poids atomiques et lours rapports 
mutne!*,’’ Mbf, Acad. BoyjtBelq., 1866, 35 , 3 ; (Euvres completes, 1894, i. 419-749. \ 

, 6 Gay-Lussac and Tlumboldt, Journal de physique , Paris, 1805, 60 , 120. ' . ‘ 

• 1 8 This had been previously cftscoveied by Cavendish irfl781, and published in • 
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fa ratio&tfxmll integers; and this Relationship also extends to 9 the volumes 
)f apifgaseous substances produced. ' 4 

Among the examples- given- bj Gay-Lussac 1 Were the following 
One volume of ammonlft unites witlr on? volume of muriatic acid (hydrogen 
jhloride), and with either one volume or half a volume of carbonio acid (oafbon 
iioxide) and fluoborio acid (boron trifluoride); nitrous # oxide* nitrous gas, 
tnd nitric acid (i.e. nitrous oxade, nitric oxidS, and nitrogen peroxide, to give* 
them their modern names) contain their constituents in the proportions of 
one volume of nitrogen to half a volume, one and two volumes of oxygen 
respecti^lj; two volumes of ammonia yield on. decomposition three of 
hydrogeu and.one of nftrogen; two volumes of carbonic acid result when two 
of carbonic oxide (carbon monoxide) unite with one of oxygen; and t#o 
volumes of steam Hre* pn^Iuecd by the combination of two*of hydrogen with 
one of oxygen. 

Unlike the preceding laws, the Law of Combining Volumes is not exact, 
but only approximately correct. For examplp, accurate experiments 2 have / 
shown that, at normal temperature and pressure, the ratio of tho combining 
volumes of hydrogen and oxygen is 2 00269:1. Further, one volume of 
nitrcrtis «oaido yields 1*00717 volumes of nitrogen (see p. 254). Those results 
are readily understood when the approximate character of tho gas laws (see 
Chf|j). II.) is taken into consideration. It is profile that under exceedingly 
small pressures the Law of Combining Volumes is an exact expression of the 
nature of gaseous reactions (see Chap. IV.). 

THE ATOMIC THEORY. 

Introduction. —The laws of quantitative composition jyeviously outlined 
find a ready explanation in the Atomic Theory. 

The idea that all matter is composed of minutejfoidivisible particles or 
atoms is very ancient. Tho Creek philosophers held thil view. Thus, 
Democritus (born 460 n.e.) referred the ^illerenees t between sul^tances to 
variations?in the size, shape, position, and motion of the atorConstituting 
them; while Lucreliiw, at the end of the first century of the Christian era,i 
expressed views which souikJ, very familiar to those current to-day. A solid 
he regarded as atoms squeezed closely togetheV; a liquid -as*similar stoma 
less closely packed; and a gas consisted of but few atoms with much freedom 
of motion. These atoms wore imperishable, and always in motion; and on 
the manner in which they combined depended the properties,*^ tho subatanfce• 
formed. 9 • 

Coming down to later times, an atomic theory of matter wastry much 
in vogue in the seventeenth century, and for ^various phenomena explana¬ 
tions based on Ihotheory were largely sought by Raeon, 3 Bovle, 4 Hooke, and 
: othCfSl Newton went t^o far as to show, on the assumption of the atomic 
composition of matter, that iVyl'e’s Iftw for gasfs must necessarily follow. f 
, -The development of quantitative ideas concerning the combination pf 


■ Gay *Lussao, M<*m. de la SocUU d’Arcueil , 1809, 2 , 207 ; Alembic Club HetninU 
(Clay, 1898), No. 4. • ® f , ; • 

P’ *. iCorlev, Smithsonian Contributions, 1895, %o, Nb. 980; cf. Scott, PhiM Jkans., 1898. 

m. 

*' ■ 7 -Bacon, Novum Organum, 1620. 

V^^-Boyle, The Sceptical Chemist (1661). The Usefulness of Natural Philosophy f 1583), 
Of Experimental Khowledne (1671). * > 
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5^ “Ptaw^lllam Higgmi (1769*1825), hiKleavoureiHoamwit a ® 
leto. of the number of atoms orVtftmte particles which united WUH 
to form a^ingle ultimate particle of some new compound. Influenced by 
the -principle whic^ Newton had laid down that the particles of any one 
gtui ^re mutually repellent, bbth these workers arrived at the view that 
Chemical combination would most readily occur between a singlo ultimate 
torticle of one substance and a single ultimate particle of a second substance ' 
rhus-a single particle of#n acid united in all cases with one alkalju^particle 
apd was unable to take up ft second, because th# first alkaline particle 
repelled the second and prevented combination. William Higgins, however 
recognised combination in multiple proportions, though‘ho held that the 
union of a single particle of each resulted in the formation of the compound 
of greatest stability. r 

These views are almost pfeeisefy similar to thoso at which John Dalton 
arrived some years later. The exact origin of Dalton’s Atomic Theory has 
been contested throughout the nineteenth century, but a survey of the 
evidence rouders it almost certain that Dalton had already formula tdtl an 
atomic theory from tho experiments made by him, prior to 1803, on the 
physical pi operties of gas^ji, and that the application of this atomic theory 
.to chemical combination was first made when lie found, in 1803*that oxygen 
'.could be taken up in two different proportions by nitric oxide. Thus the 
atomio theory preceded the discovery of tho Law of Multiple Proportions, and 
received considerable support from the facts upon which that law was based . 1 

According to the Daltonian theory, an elementary body is regarded as 
^ being made up of,an enormous mvnbor of extremely minute particles, oalled . 
atoms, alike in kind, and particularly in tiyiss, but differing in each of these 
respects from the at#r.s of any other element. In the connected aocount 
r which Dalton gave ip 1808 s ofvhis atomic theory, lie pointed out how 
important an objeetpt was to be %ble to arrive at a knowledge of the relative 
.freights of TlS^se ultimate particles capable of chemical union, for, having 
ipbtaincu a list ofbuch relativo weights, it acted as a guido in investigating 
, the composition of new substances discovered. T^iis application of the theory 
had, Jn fact, hlocady enable*! him to draw- up a tabic of atomimwelghts as 
-.early as 1803. s 55 

Dalton’s Atomic Weight System.* -The method by which Dalton 
iproceedod to determine atomic weights may now be stated. ■ 

;; ■ .The atom was the smallest ultimate partiefe obtainable of any elementary 
.piibstanc# ’ The atomic weights were the relative weights of these ultimate' 
•Jiartioles or atoms of the elcipents.* 1 ■ 

7 * ** 10 a t°mio weights are but relative weights, some* one substance'. 

.muat. be selected ajrtho standard of comparison. .Dalton chose hydrogen,* 
an^l called it# atomic weight ufcity. Tint atomie'weight of 'any other elemepj 

> ‘ a detailed account of the development of Dalton’v Atomic Theory, see Her 

rtilira ftf .John Ti/tJLiu a rr., - ,v 
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was tljerlfoFo Hie ratio o| the weightjof its atom to the weight or an atom of 
hydrogen. Its value was arrived at by the analysis of a compound containing 
the element and either hydrogen itself dL some element whose Atomic weigh? 
•had already been fixed by comparison with hydrogen. s 

Ono most important point had first to be settled. Dalton knew, as 
expressed in the Law of Multiple Proportions, that two* elements might 
combine in moro than one p«nportion. According to Dalton, the following 
scheme of chemical combination was possible:— 

V ^ 1 atom of A -f 1 atom of B = I a^om of 0, binary, 

L „ „ * + 2 atoms „ = 1 „ I), ternary, # 

2 atoms v +1 atom „ = l „ E, ,, 

1 atont ,| 3 atoms „ - 1 „ F, quafernary, 

etc. 

On the basis of the view that like pat tides repel one another (cf. p. it>), 
Dalton assumed the binary to be the most stable compound. Accordingly, 
if only ono compound of two bodies was known, it was presumed to be binary. 
If, bowcvor, two compounds were known, one was deemed binary and the 
othert ternary (it will bo seen that two ternary combinations are possible, 
with no guiding principlo available to select the correct one), etc. 

# It will bt observed that Dalton referred alikeSh the ultimate particles of 
elements and of compounds as atoms, distinguishing them as simple atoms” 
and “compound atoms” respectively. The preceding rules he applied 
equally to the cembination of elements and of compounds. 

Having thus assumed the manner in which substances united, chemical 
analysis furnished the desired atomic weights. For example, water—at that 
time the only known compound of hydrogen and oxygen*-was assumed to 
be a binary compound. * , 

Dalton found for the combining ratify hydrogen :^fygcn # the value 1:7; 
hence these numbers represented the atomic weights hydrogen and oxygen 
respectively. Similarly, ammonia was if;presented b^ NH, ^itco’it was 
the only compound of nitrogen and hydrogen known, and atomie r woight 
of nitrogen found to oe 5. The atomic weights of compounds were obtained 
f^un their combinations fly a similar process or*ek>e b^ yddirjg'up the 
atomic weights of their constituent elements. 

Early Atomic Weight Systems.- -The need of some guiding principle 
of general application in the determination of atomic weights, such ns we 
now possess in Avogadro’s hypothesis, is most clearly emphasised in the* 
failure of all attempts, prior to 1800, to establish a system of at^ie weights - 
generally acceptable t/i chemists, and before outlining modern methods, a 
brief account ef Dio three systems in use*in addition to Dalton’s, in the first 
halfc^f the nineteenth century will ho given. These arc the systems of 
Berzelius, of Ginejin, aiW of«JJerharifct and Lay rent. 1 •• 

* Atomic Weight Systems *of Jivndius .—Berzelius developed two atomic 
weight tables; the first, published in 1818,£ was the outcome of work begin* 

* rang in 1810; the second, which was far more successful, appeared in 1826. 8 

' In developing the first table, Berzelius obtained his results largely from 
the analyses of oxides, sulphides, arnj sal|s. Combination lxAwoen X Tv# 
_•_____ * _ 

1 Regnault also had a scheme based on Dulong and Petit’s Caw. 
m 2 Berzelius, Lehrbuch der C/irmie, 3 vols , 1808-18. ,Kirst German edition,,1825-31 ; 
5tU edition, 1843-5. ^ See Berzelius, Jahrcsbtrieht, 1828, 8, 73. 
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substances A and 15 occurred in such a fanner, he cpnsiderfcu r w»c*u-* ^mu tn 
A may combine with 1, 2 , 3, <fr 4 atoms of B. TTence the compositions of the 
oxides ol irorf were assumed to b^Tegresonted by^Fe0 2 and FeO a ; those of 
potassium by KO a and KO s . These formula wero assumed on the ground of» 
simplicity; su^h formula; as Fe s O s were rejected. 

Berzelius’ views« on salt formation were very similar to those of 
Lavoisier. An acid contained oxygon and coiosisted simply of a non-metal 
united* to that element, no hydrogen being present save in the hydracids 
HC1, HCN, etc. A salt was formed by the direct union of an acid with a 
baso. Thus, barium sulphate ^was obtained by direct union oi/c&lphuric 
afcid, S0 3 , with baryta, BaO. 

Another principle was also used by Berzelius in deriving tho atomic 
weight of oxygen, namely, Gay-Lussac’s Law of Vo^unffes. Gay-Lussac came 
too the conclusion that the weights of equal volumes of gaseous substances 
were proportional to their combining weights, or as Dalton called them, 
atomic weights. By comparing tho densities of hydrogen and oxygen, there¬ 
fore, the atomic weight of oxygen could be obtained. Berzolius applied this 
method, and found the atomic weight to bo 1G. He also concluded that 
an atom of water contained 2 atoms of hydrogen and 1 atom «f T»jjgen, 
because 2 volumes or 2 units by weight of hydrogen combined with 1 
volume or 16 units by weight of oxygen. ,, • 

The assumptions regarding the composition of other substances were less 
successful, in the light of our present atomic weights; as witness the follow¬ 
ing numbers he obtained, calculated to the hydrogen standard: C = 12*12; 
0=16; S = 32*3; Fe-109*1; Ilg-406; Na-93‘5. 

The second system, published by Berzelius in 1826, closely approaches 
our modem system in the results obtained. It was based on four methods:— 
(i.) The composition of oxides. If Iher# exist two oxides of a metal, and 
the quantitiiss of oxygen, combined with unit weight of metal, are 
in the ratio 1 : 2, t(»e oxides were MO and MO.,,, M0 2 and M0 4 , or 
, and Ju(), t ; if 2 : fy the formuhe were MO and M 2 0 3 $ if 3 : 4, 

M^ t an(/ M0 2 ; if 3 : 5, M 2 0 3 and M,0 5 . 

(ii.)' In salt foVmation, the amount of oxygen in the'vlectro-negative oxide 
• ^ (the ncidpis a* multiple of that in the Jxisic oxide. This multijole 
c is ji'lscy'thc number of atoms of oxygen present in the acid-. 

(iii.) Gay-Lussac’s Law of Volumes, now applied more extensively than 
bo fore, 

(iv.) Mitsclioilich’s Law of Isomorphism, according to which the similarity 
in esystallino form exhibited by two compounds is a consequence 
^01 the similar mechanical arrangement in their ultimate particles 
of equal numbers “simple atoms’’ (see Chap. II.). 

Berzelius also recognised that Dulong and Petit’s Law (see Chatall.) 
afforded a method checking atomic weights^ though he himself dJS not 
apply it. *' * ‘ « 

c Methods (iii.) and (iv.), to which Berzelius owed much of tho success of 
his system," ai'e physical in character. The Law of \olumcs was now applied^ 
to chlorine and nitrogon, and the knowledge so obtained of the atomic? weight* 
jot these elements served as a guide in dwfiing with others. 

*The application of methods*(i), c (ii.), and (iv.) may be illustrated by the 
following examples, wit\j which Berzelius actually dealt . 1 He found that in 

1 Beizelius, Fogg. Annalen, 1826, 7, 39 1 /; 1826, 8, 177. 
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1iormal,oh*oi8a(fcg the amount of oxygen in the acid was three times that in 
the basic oxide . 1 This showed the cliromates to be similar in composition 
to the normal sulphates. ^ Therefore, .if <jj() s represented sulphtfrio ^oid, as 
Berzelius believed, CrO a should he the formula for chromic acid. 

Next, it was found that tho basic oxide of chromium contained only lialf 
the amount of oxygen present in the acid oxide, referred the same amount 
of metal. Hence (method (i.)),.if CrO, is the‘acid oxide, Cr„0 8 must be tho 
formula, for chromic oxide. It will bo noticed also that, although Berzelius 
represented potassium chromate as KO.CrOj, the formula conforms to the 
principled jd down in method (ii.). 

Now, chromic oxide das known to be isomorphous with aluminium and 
ferric oxides. Hence ^method (iv.)), their fonnuhe must b| Al a O„ aud Fe a (^ 
respectively. * » , 

By theso methods Berzelius was ablo to arrive at correct formula) for Js 
large number of oxides, and lienco, ulijo, at approximately correct values, 
judged by our present-day standards, for atogiio weights. His measure of 
success can bo gauged by tho following numbers, reduced to the modern 
standard 0 = 16, from the values given by Berzelius in his 1826 table and 
based' 0 = 100 :— 


As = 75-33 
Cft= 11-03 
C = ] 2-2fi 
Cl = 155-47 


Fe = 54-36 
Hg = 202-86 
N = 14-18 
P = 31-43 


S = 32-24 
• Si = 44-47 
N'a 46-62 
Ag = 216-81 


Only in tiie cases of the last three elements do the numbers differ funda¬ 
mentally from modern values. 

Gradin's System of Atomic Weiyhts .—Tho Berzolian system of atomio 
weights, however brilliant iu conception, came to grief through a principle 
in which its author placed considerable reliance, *»amcij the applica¬ 
tion of Gay-Lussac’s Law of Volumes, ill 1826 Hunzts - began a series of 
vapour dunsity determinations, deducing ftom them.atonic weights -in the 
same manner as Berzelius himself. For iodine he found ( tl- faluc r l25-S, 
substantially the saijle as that of Berzelius; but for mercury he found' 
Iif= 99*45, only abdht onohalf of that obtained, if result of^llernical 
analysis, the same investigator. Here, then, by the ruffle uxtensivfi use 
of a method in which Berzelius trusted, was a result obtained at variance 
AVith that deduced from chemical analysis. This anomaly was followed by 
others ; a few years later Dum.ns B showed by his physical metlTfld that P ■= 62 2 
and S == 93*74, whilst Mitsohcrlieh in 1H31 4 added arsenic tfl tlm list, with 
As =152*6. Avogadro’a Hypothesis (vide infra , p. 21), which baa been put 
forward as early atj 1811, affords a ready Explanation of these discrepancies; 
but yjg-t hypothesis was neglected, and these results accordingly discredited 
in a large measuro the system of Be|zelius, and paved way to a readier 
* afcceptanco of Cmeiin’s systenj # • # 

As early as 1820 Gmelin 6 had published a scheme of numbers which he 1 

■ * _ • _ _ _ ___*__ •_ 

• ~ ~ " " “ 

1 This "fact is clear from tho modern romesentation of potassium chromate as K a Ci0 4 
(».«. K a 0.Cr0 8 ). • - 

a Dumas, Ann.Ckim. Phys , 1826, 33 , 337- • 

8 Dumas, ibid., 1832, 49 , 210 , 50 , 170*. 

4 Mitscherlich, Annalcn, 1834, 12 , 137. 

8 Gmelin, ffandbuch der Cliemie, 1817 ; 2nd edition, 1821 ; 4th edition, 1843English 
translation of latter, 1848-1872. * 
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recognised as equivalents or combining weights rather »afl is ^itomic' 
weigh ts,*but the table of 1843 was an atomic weight table. The principles 
'on which it/ was founded were sjftriyir in* character to those of Berzelius. 
Thys, ho recognised tho Law of Isomorphism, and, like Berzelius, regarded 
the strong fyasic oxides as having formuho of the type MO. But he re¬ 
-fused to recognise flic application of the Law of Volumes, relying wholly on 
combination by weight, as Dalton had don# before him, and this in the 
simplest possible manner. “Let it bo granted,” he said, “that substances 
combine in the simplest possible proportions,” and “let no atomic weights 
be admitted smaller than those/vhich actually occur in combination^ There¬ 
fore he came back to the formula HO for water, and the atomic weights 
H = 1, 0 = 8, C = 8 = 16, etc., as in Dalton’s table of 1*808. * 

Atomic Weight System of Gerhardt and Layrefit. — While Gruel in’s 
system was gradually coming into uso, the foundations of another 
important scheme were being laid r by Gerhardt 1 in a series of papers in 
1842-3; his views wore adopted and extended by Laurent, 2 who hence¬ 
forward became his co-worker in tho new scheme. Much of tho advance 
which these chemists made came from a study of reactions in orgaiyc 
chemistry. Gerhardt noticed that in equations expressing chemical rations 
in which carbon dioxide or water were liberated, two molecules of each of 
these substances, or multiples of two, always occurred, jvhereas *vith 
ammonia only one was liberated; the system of atomic weights used being 
that of Gmelin. As the formuhe for carbon dioxide and water on this system 
were C0. 2 and HO respectively, Gerhardt suggested that the equations would 
be simplified by altering them to C 2 0 4 and lh,0. 2 . Or, as an alternative, 
simplification could be brought about by doubling the atomic weights of 
oxygen and carbpn, so that the formula; became C0. 2 and lf.,0. Similarly, 
carbonic oxide became CO, and by doubling the atomic weight of sulphur 
the dioxide became SDs. 

Gerhardt and Lap rent pow /fcvived Avogadro’s hypothesis, or rather 
Ampere’s^ version of it (sec p. 2ft), and employed it extensively, although 
they did so lar as to regard it as of universal application. The reason 

for tfihir adoption of this hypothesis was that they found the formulae, 
C0 >2 , ILjp, S0. 2 , and"CO#, suggested by the abovy reasoning, were also tlwse 
whioh were Arrived at on Hie basis of this hypothesis. They ecordingly 
proposed that the formuhe of all vaporisablc substances should bo altered 
where necessary, so that molecules of these substances occupied the same 
volume in the gaseous state. 

The effects of the changes made by Gerhardt and Laurent were far- 
reaching/'* Tho first effect was to require the halving of many of the 
formulas in use, necessitating also<the halving of various atomic weights, as, 
for example, that of silver. The formula of silver oxide in turn became 
Ag 2 0; simultaneously Gerhardt and Laurent /ylopH'd M.,0 and MOJHPas the 
for/nuke of,basic oxides and hydroxides respeltively (which led, however, to 
the employment of atomic weights for various metals only one-half as great 
as those In uso to-day); and Laurent clearly indicated for the first tirna 
that a hydroxide was to be considered as a substance intermediate between 
an oxide«and wfrter, thus: M 2 0, MOH, K',0. 

1 Gerhardt//. prnlL Chem., 1842, 27 , 130; IS 13, 30 , 1; Ann, L'him. Phys. t 1843, 
(iii.), 7 , 129*1843*8, 2381 . ... 

2 ‘ Laurent, Ann. Ghrm. Pfnjs ., 1846, (iii,), 18 , 266 ; and liis text-book, Mtthodc dechtinie, 
translated by Odling (Harrison, 1855). 
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The MoLECULAif Hypothec! and the Modern System of* 

Atomic |W«h i lire.* 

Avogacfro’s Hypothesis.— This hypothesis, already referred to in 
connection with the work of (lorhardt and Laurent, will now.bo considered 
in some detail. 


The question of the number of uUiinale panicles or "atoms ' in a given 
volume of gas had exercised the mind of Dalton, who came to the conclusion 
that in equal volumes of different gases at the sumo temperature and pres¬ 
sure the A ambers of ultimate pai tides wo#o not the same. GayLussao’s 
discovery of'the Law of Volumes led him to state that (Ac combining 
weights of different wibstanoes were proportional to their ijonsities. in 1811 
Avogadro 1 accepted •ho* accuracy of Uay-Lussao’s Law, and pointed out 
that it was a most natural assumption to tondude that the numbers of 
“integral molecules” in equal volumes nf all gases aie the same at the same 
temperature and pressure. Dalton had also rift list'd this, and, partly for this 
reason, refused to recognise the accuracy of Gay-Lussac's Law. To Dalton 
and his contemporaries the smallest particle of a substance that existed in 
the fiyj’stftte was the atom of the substance, and hence they could not accept 
Avogadro’s hypothesis, which could only bo brought into lino with facts by 
assuming tluyb these “atoms” of various elements arc capable of subdivision. 

Avogadro clearly pointed out the two important consequences which 
follow from the acceptance of his hypothesis, viz.:— 

(i.) The relative masses of the “integral molecules” of gases are in the 
ratios of the densities of the gases 

By “integral molecules” Avogadro understood “molecules” ms that 
term is now understood; a precise deliirifion of the lejgfn “molecule” is 
given later (p. 22). In illustration of this deduction, ho quoted the 
densities of oxygen and hydrogen as IT0301) an<* ^>07321 respectively 
(air-1). The ratio of these numbers,•namely, lopTd : 1, was therefore 
the ratiotof the molecular weights of oxj^jen and l^di^gen. . 

(ii.) The “ integral molecules ” of vat ions gaseous dementi tre theipaclvei 
composite. * 

• Two volumes of hydrogen, it was known, eumlane V'ith one volume oi 
oxygen, p. .* ducing two of steam. Since equal volumes of different ^asos 
contain equal numbers of “integial molecules,” two “integral molecuh*” oi 
hydrogen must combine with one of oxygen and produce two of steam. 
Hence this one “integral molecule” of oxygen must undei^f subdivision in 
the process, being halved ; or, the “integral molecule ” yiel<ls*tw^‘element¬ 
ary molecules.” The term “elementary irmleeule” was used by Avogadro 
with the meanyig now attached to the woul “atom ” 

Avogadro thus postulated the existence of two orders of small particles : 
(i.) molecules, which «re physical^ units, being the gpmllest masses of a 
substance capable of existenc<Jin the free stat<* and (ii.) atoms, ^ho ultimate 
particles of which elementary bodies are aggregates, which enter into the 
composition of molecules, and which may*or may not bo identical with 
molecule in the cases of the elements. The latter question requires to be 
determined by experiment; AvogadiVs Hypothesis, which selves th^ primary 
purpose of determining relative mplecufar weights, can be utilised for tnis 
purpose by applying it to the experimental resuUs^suqlms thofiSjjummarised 
in^Gay-Lussac’s Law of Combining Volumes. 


1 Avogadro, Journal de physique , 1811, 73> 58 ; Alembic Clu'i Reprints, No. 4 (Clay, J1393). 
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Avogadro’s views, unfortunately, received but Rttle notice, and Atap&re, 
" who broughfrforward similar'-ideas in LJ14, 'met with no better suocess. 

The Modern System of Acomic WeigHts.— About the middle oj 
last'oentury there came a change in the basis on which tho atomic weight 
system was laid? Dalton’s methods wero based on weight relationships and 
chemical analysis; those of Berzelius, partly pn chemical analysis, partly on 
a physical principle (the Law of Isomorphism), and partly on the Law of 
Volumes, which was insufficient, however, to show him tho difference between 
atom and molecule. (Imelin returned to weight methods. Thesp'tnethods, 
however, are,incapable of solving tho problem of the'-Jetermination of.atomic 
heights. The Law of Combining Weights (vide, supra, p. 12) becomes, in 
the language of tfie Atomic Theory, the statement thaft elements unite in tho 
rptios of finite multiples of their atomic weights; whence it follows that a 
simple numerical relationship exists between the atomic weight of au element 
and each of its combining weights. Further than this, however, it is not 
possible to proceed from the Atomic Theory alone. 

Oerhardt and Laurent first realised the value of being able, by Avogadro’s 
Hypothesis, to compare matter in its simplest (the gaseous) coqdit'.w, and 
so to arrivo at correct molecular weights. Cannizzaro’s system, iu f 1858, 
carried this method to complete success and established our modern system 
of atomic weights. 

In order to realiso tiro full value of Cannizzaro’s scheme, it should be 
borne in mind that four systems of atomic weights were in itse by different 
chemists at the middlo of last century—namely, the llerzelian system, a 
modified form of it, Gindin's system, and that due to (lerhardt and Laurent. 
A conference of chemists, called, in 18G0 at Karlsruhe to discuss tho con¬ 
fusion of systems, was made acquainted, at its close, with Cannizzaro’s 
system, which soon bcVame the accepted one. 

In brief, (Xmiizzaro’s system h made Avogadro's Hypothesis its basis. 
The molecular weights of substances were first to be found, afterwards the 
atomic of fsae dements. Applying trie hypothesis to the results of 

(the chemical lotion of gases, Cannizzaro found limb the molecule of an 
element was genocally, polyatomic; as a rule, diatqyiio. Tire anomies 
found tiy Dumas (p; 19) were explained by supposing the ipplecules of 
phosphorus, sulphur, and mercury to lie tetratomic, hexatomic, and monatomic 
respectively. Cannizzaro found that, Ins results also accorded with those 
r obtainable on,the basis of Dulotig and Petit’s, Law (vide p. 89), and he used 
this law when other methods were not available. 

The CiGllern atomic weight system is practically identical with that of 
Cannizzaro, and rests upon Avogadro’s Hypothesis, that equal volumes of 
all gases, under the same conditions of temperature and pressure, contain^egual 
numbers of molecules. This is rightly regarded as, the basis of the Gaiomic 
weight system, sine’e it was enly by ins adoption that‘the term “atom” 

: acifuired its present meaning. A gaseous molecule is the smallest ultimate 
particle which can exist in the ulterior of a mass of pure gas, and in genoraj 
. a molecule may bo defined as that minute portion of a substance which moves 
about as a wholy. so that its parte, if it has any, do not part company during 
the excursions which the molecule mikes; "• it&giolecular weight is the weight 



1 ‘Cannizzaro, Snnto di un.torso di filisofa chimica folio nslta llcalc University 
Oe)leva, 1858 : Kuovo Cimcnto, 1858, rol. vii.; Alembic 'Club Jteprinls, No. 18 (Olay, 19fl), 
* See Maxwell, Theory of Heat (Longmans & God, 1899, chan, xxii. 
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of this ultimate particle,‘referred to #10 weight of tho molecule of a stasdard 
substance. 1 I • • 

t The fact that oxygen*contains (si lJast) two atoms in its mufccule has 
already beou shown, and similar reasoning applies to ehlorino, nitiogcii*and 
hydrogen. Thus, 

1 volume of hydrogei»+ 1 voluino 01 ciuorino givo z volumes 
of hydrogen chloride. 

hence, V Vvogadro’s Hypothesis, if u is the‘number of molecules in each 
volume of gay, 

n moleeifclcs of hydrogen + n molecules of chloi^nc give 
t n molecules of hydrogen chloride, 

or 1 molecule of hydrogen 4-1 molecule of chlorine givo 

2 molecules of hydrogen chloride. 

• 

Since each molecule of hydrogen chloride contains, of necessity, hydrogen and 
qjilorinc, tho molecule of each of those elements must have been halved. 
The %\lu ttion that the molecule of nitrogen is divisible into two parts 
follows from the fact that two volumes of ammonia when decomposed yield 
three volmims of hydrogen and one of nitrogey. No chemical or other 
evidence leads to tho conclusion that in these elements there are more than 
two atoms per molecule (see Chap. VI1.). 

The atom is defined as the smallest part of an element that in found in 
any molecule. Its atomic weight , in turn, is defined as the smallest of the 
weights of the element contained in the molecular weights of the substances into 
the composition of which the element enters. % 0 

Tho determination of atomic # \\eights, in the light of this definition, ia 
dealt with in Chap. VII. 

Chemical Symbols and FoiThul/K F^i;'4ionh._ 

A symbolic chemical notation was used by the alchemists; unlTko tho 
nUdern notation, however, it bad only a qualitative mtnning. Quantitative 
chemical •.rotation was originated by Dalton;*- the system *in use ift the 
present time is, in all essentials, that devised by Der/eliux. . 

Each element is denoted by a symbol, which is the initial letter of its 
Latin name. Sometimes a second letter is added when Srvcral element# 
have the same initial letter: c.g. carbon, copper (cuprum), chlorine, and 
ctesium are donoted by C, Ou, Cl, and Cs respectively. A full li3T%f symbols t 
is given on 25. In order to attach a quantitative significance to these 
syndJols, it might at first sight appear tho simplest plan to regard the 
symbol for an element #is standing for one combining flight of the element. 
•The formula of a oompomfd could then lx? represented by jvriting down 
the symbols of its constituent elements side by side, and its quantitative# 
chemical composition fndioated by attaching numerical suffices to the 
Symbol#, in order to deuotc the relative numbers of combining weights of 
each element present. A difficult^ arises, however, in thfe congelation .o^ 
a table of combining weights, since mtmy Elements possess nfbr-o than one 
combining weight. Accordingly, instead of lotting t^resymboftor an element , 

1 See Chap. IV. for i!he determination of molecular weights. 
s Dalton, A New System of Chemical Philosophy »2 vols., 1807-10. 

» • • * 



24 MODERN INORGANIC CHEMISTRY. 

denote a combining weight, it is chosoit to represent one atom or one atomic 
might of the element: e.gs the sjwnUbls previously given stand for one 
atom or 12 parts by weight of carbon, me atom or%3 57 parts of copper, one 
atoifr or 35*46 parts of chlorine, and one atom or 132*8 parts of caesium. 
Further, the fovniiila C,C1 4 , for example, denotes a compound of carbon 
*and chlorine (carbon' tetrachloride), in which for every atom, or 12 parts by 
weight, of carbon there aro four atoms or 4 x 35* 16 parts of chlorine. The 
affix uhity is always omitted, so that the formula is written CC1 4 . 

Still retaining this example, it is clear that the formula (^C^^rould do 
equally well tg denote the composition of the substance, n being any integer. 
However, it is usual, whenever possible, to write the formula of a compound 
so that it represents a molecule , i.e. so that on adding iitythft weights of all the 
atoms represented in the formula, the molecular weight of the compound is 
obtained. Such molecular formulae can only be written for substances of 
known molecular weight. The molecular weight of carbon tetrachloride 
having boon found to be 153*8, it is clear that the simple formula CC1 4 is also 
the molecular formula, and denotes that one moleculo of tho substance 
contains one atom of carbon and four atoms of chlorine. JVhaw’ the 
molecular formula of a compound is unknown, it is usual to emplcfy the 
simplest formula that expresses its composition, this being termed the 
empirical formula, e.g. the empirical formula of cupric chloride fs CuCl 2 , but 
its molecular weight has not been determined. 

When the atomic and molecular weights of an element aro both known, 
a molecular formula can be given: e.g. tho molecular foi’mubo of oxygen, 
hydrogen, morcury, and phosphorus, in the gaseous state, are 0 2 , II 2 , llg, and 
P 4 respectively. f 

By means of formulas, it is possible to express in a very concise manner 
the results of a chemical change. Tho formuhe of the reacting substances 
are written down on "the left, and* connected together with plus signs to 
indicate that they havc^reacted together; on tho right, tho formuhe of the 
substances* ]»wducedr> are written down, and connected with plus signs to 
indicate that wi6y«aro all produced together. A sign of,equality between the 
two groups of formijho denotes that the substances on,, tho left have be^n 
transipnifed into J,hoso<on tho- right, and the necessary numerical ^efficients 
are placed before tho various formuhe to make the number of atoms of each 
element the same on both sides. Such a symbolic representation is termed a 
fhemical equation,,, and was first employed by Lavoisier as a means of express¬ 
ing chemical reaction. As a simple illustration, the equation 
2Jl 2 + 0 2 = 2H 2 0 

summarises the following statements: (i.) 2x2 or 4 patfs «.by weight of 
hydrogen combine with 2 x 1C or 32 parts of oxygen to produce 2 x (2^*16) 
or 36 parts of water ^/md, sincq the formqjie are wolei'olar, (ii.) two molecules 
of hydrogen vnite with one molecule of oxygen Jto produce two molecules of* 
^vator (steam). In such an equation it is easy to re^d the relative volumes 
in which tfie substances react, by recalling Avogadro’s Hypothesis (p. 2%Y 
to mind; and the preceding equation is readily seen to express the f&ct (iii.) 
<fchat} two velume.4*of hydrogen combine with one volume of oxygen to produce 
two volumes of steam (all measured at the same temperature avid pressure). 

As a secopd *ex/mqrie* the equation 
• • c2KC10^2ia:i + 30* 

expresses the fact that 2(39*10 + 35*46 + 481 or 245*12 Darts of potassium 
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chlorate, when decompdhed into potassium chloride and oxygen, yield 
2{ 39*10 + 35*46} or 149*12 parts*of tie former and 6x 1G or 96, parts of the. 
Jatter. It is not possible,'‘’however, flnn^this equation to make statements 
corresponding to (ii.) and (iii.) of the previous example, since the fonnuhf for 
potassium chlorato is only empirical. 

Rut whilst a single equating may give a complete quantitative represents-* 
tion of the initial and final condition of reacting substances, it seldom happens 
that the actual way in which a reaction proceeds can lie indicated *by it. 
Thus whft^potassium chlorate is heated, potassium perchlorate is first formed 
accordirfg to tjio equation 

4K(!I0 s -3K(5I0 4 + K(J1, 

and it is not until a temperature of 1195° has been exceeded that oxygen is 
evolved. 1 We. thus see that the reactions may bo considerably more compli¬ 
cated than the single equation would le»l us to believe. 


INTERNATIONAL ATOMIC WEIGHTS, 1917 . 


Aluminium 


Al 

O- 16 . 

27-1 

Molybdenum . 

. Mo 

0 =^ 16 . 

90-0 

Antimony 


Sb 

120-2 

Neo(l)unuiu . 

. Nd 

144*3 

Arg«i .. 


A 

39-88 

Neon . 0 

. No 

20*2 

Arsenic . 


As 

7 4*96 

Niokel .... 

. Ni 

58-68 

Barium . 


. Ha 

137-37 

Niton (radium emanation) 

. Nt 

222-4 

Bismuth . 


Bi 

208-0 

Nitiogcn . 

. N 

14-01 

Boron 


. . B 

11*0 

Osmium 

. Os 

190-9 

Bromine . 


Hr 

79 92 

Oiysoii . 

. O 

16-00 

Cadmium 


. C .1 

112-10 

Palladium 

Pd 

106-7 

Cfpsium . 


Cs 

132-81 

Phusphoitis 

P 

31-04 

Calcium . 


Oa 

10-07 

Platinum. 

Pt 

195*2 

Carbon . 


O 

12*105 

1'oT.lSSIIIlll 

K 

39 10 

Cerium . 


Ce 

140-25 

Piascodi in 1 <i 1 n 

Pr 

140-9 

Chlorine . 


. . 01 

35-16 

I{tdium # 

Ra 

220-0 

Chromium 


Or 

52 0 

Rligflmm . 

Kh 

102-9 

Cobalt * 


. Co 

58-97 

Runnhuin 

* 1 th 

• 85-48 

Col uni bm m 


. Cb 

93-1 

Rut lu uimn 

Ru 

—101*7 

Copper 


# Cu 

63-57 

S.iinaimm 

Sa 

150-4 

Djpprnsmm 


• Du 

162-5 

Scandium , 

Sc 

Sc' 

. 44-1 

Erbium . * 


Hr 

167-7 

SelejllUlif. 

JO* 2 

Europium 


Eu 

152 0 

Silicon 

Si 

28-3 

Fluorine . 


F 

1 !) 0 

Silver 

Ag 

1TJ7-88 

Gadolinium 


Gd 

157 3 

Sodium 

Na 

23 00 

Gallium . 


Ga 

• 09-9 

SI 1 oiil mni 

Sr 

87 03 

Germanium . 


Go 

11 5 

Sulphur . 

S 

32-00 

Glucinum 


01 

9-1 

Tantalum 

milk 

181-5 

Gold. . . 


. , Au 

197 2 

Trlhminn 

To 

127-5 

Helium . 

• ■ 

Jin 

4 00 

T>*i liium •. 

Tb 

159-2 

Holruhim. 


. Ho 

163 

Tii tllmm. 

IT 

204-0 

Hydrofoil 


• 11 

•il-OnS 

Tli ilium . 

Th 

232-4 

Indium . 

• 

In* 

114 *• 

Tliuliu#i . 

Tin 

168*5 

Iodine 


1 

126 92 

'I'm . 

• S 11 

114*7 

Iridium . 


Ir 

193-1 

Titanium. 

Ti 

48T 

4ron . 


* Fe 

55 84 

Tu listen . 

. W 

184-0 

Kfypton • 


Kr 

82-92 

Uranium . 

IJ 

238*2 

Lanthanum . 


. La 

139 0 # 

Vanadium . ^ 

. V 

51-0 

Lead 


l*b 

207*20 

N.'iiou 


130#!? 

Lithium . , . 


Li 

c-m 

Ytterbium (Neoytterbiuin) 

; yb 

173*5 

Lutecium 


Lu 

175-0 

Yttiium . * 

. Yt 

88-7 

Magnesium 


• Mg 

24-32 

Zinc • . 

•Zn 

05-37 

Ifenganese 


Mni 

54-93 

Ziiconium • 

. Zr 

* 90 6 

Mercury . 

'—--- ~x - 


. . Hg 

200-6 

- .... 1 __ 


• 


1 Scobai, Zeftxch. physikal. (JhcA , 1903, 44 , 319. 








CHAPTER n. 

GENERAL PROPERTIES OF ELEMENTS AND 

COMPOUNDS. 

* 


The Properties and Laws op (Janes. 

The Gas Laws.— 1 Tho experimental laws which dcscribo the befcavTjur of 
gases may be enumerated us follows: — 

1. Boyle's Law, according to which the volmno (v) of a given*mass of«gas 
is inversely proportional to the pressure (/>), provided the temperature 
remains constant. Mathematically expressed, the law becomes 

p oc 1 or pv- constant. 
v 


2. The Law off Charles or Gayf/sussac .—This law describes tho connection 
betwocn volume and, temperature, by stating that the volume of a 

gas increnaos by*^- for 0-00367) its value lit 0° C. for each centigrade 


degree rise*h^ompi£'ittv‘o, the pnfssuro being assumed to remain constant. 

3. ® ho law^ connecting temperature and pressure at constant volume, 
according to which each degree rise of temperature on tho centigrade scale 
•results iraan increase pf*pressure amounting to 1H)03(>? of the pressure%t 


4. * Dalton's Law of Partial Pressures. —This law states that the pressure 
# set up by a mixture of gases is equal to tho sum of the pressures exerted in 

the same space ny each of the constituents. (See p. !)!).) 

5. Grafr Law of Diffusion of Cases , according to which tho rates at 

which gases diffuse are inversely proportional to thq square roots of their 
densities (seo pp. 33-34). 4 5 6 * , 

6 . Gay-Lnssae's Law of Combination by jjglttme .—This has alrcad^JJieeu 

discussed in Chapter*-!. % « * • # 

iThe first«fivc laws just mentioned, although established experimentally; 
find a thegretical basis in the kinetic and molecular theories, from which 
they can be deduced . 1 Moreover, any of the first throo laws can be deduced 
from the other two. # • 

* * The Gag liquation. —Wljen qpeaking of the gas laws, the particular 
ones generdlly # included under this head are. the first three mentioned, —namely, 
those which 4 eal vjjth ffh* alteration of tho three factors, temperature, pressure, 
and Volume. A very convenient expression has been adopted, known as tj^e 
■ 5 * ' - 

1 Sefi 0. E. Meyer, Kinetic theory offftases, translated by Baynes (Longmans & Go., 1899). 

a OH 
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;a 9 equation, which connects together all three laws. It may be deduced 
q the following way:— * I • * • 

Starting with the mathematical efprdlsion of the law connecting volume 
md temperature at constant pressure, namely_ 

r v ( l+ wA 

vherev 0 and v t are tho volumes at temperatures 0° and C respectively, by»simple 
ransformation we have— 





v, 


v n T 

27.3’ 


rhero T is the temperature on the absci’ute scale, and finally_ 

v t _ T 

sm' 

I( r, brief, this expression states that at constant pressure the volume is 
proportional to the absolute temperature, or -wccT. 

According to Hoyle’s law, however, v oc 

P 

If, therefore, the temperature and pressure vary simultaneously, 

v oc - or r>v —constant x T= RT. 

P 

If v represents tho volume of unit mass, namely, 1 gram, Alien its value will 
vary for different gases, and It Vill likewise vary. «, I >y a proper choice of 
units, however, it is possiblo to make R yie same for eftery $iis to which the 
equation applies. The chemist usually employs th» molecular weight and 
moleculaJ- volume as his units, and the most general ion^of tb« £is equation 
becomes 

PV = RT, 

where P d<yiotes tne pressure and V represents the grani-uiofcoula'r volume, 
which, according to Avogadro’s Hypothesis, is a constant quantity for al| gases 
at the same temperature and pressure. Hence, provided tlio gram-moleoulo 
of a gas is always dealt with, ^he value of R is independent^ tho nature o& 
the gas, and its numerical value depends only upon the upits in terms of 
which P, V, and T are expressed. *■*"»> 

When a substance changes its volume, under pressure, work is either done 
by the substaftce (if it expands) or on the suCstanco (if contraction occurs), 
andHo, in accordance with the method employed in measuring work, the 
product PV represents tho*'*vork Hone when one graft'molecular volume of 
gas is generated under a pressure P. Tho value of R, measured in frorl^ 
units, i.e. ergs, can be obtained as follows . 

• At C., or 273“ (abs.), and 76 cm. pressure, V = 22,400 c.c. in round 
numbers. Accordingly P = 76 x Id‘59 x 980*6 dynes per ^quare^cm., siqc^ 
13'59 is tho density of mercury at this temperature. Hence 
T. _ PV 76 x 13*59 y 980-6 x 23,4*00 
T ^ ~ 273 * 

= 8-4 x 10 7 ergs. 
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The equation is sometimes expresseil in anothe? way; smew mwuuumetu 
energy and heat onergy are quantftflively transformable, 4-2 x 10 7 ergs 
being equivalent to 1 gram-calorie oP heat (the mechanical equivalent of beat), 
R ctfn also be expressed in heat units, being obviously approximately equiva-' 
lent to 2 (more exactly 1*985) caloties. Inserting this numerical value of R, 

• py_2T. 

In* this form the equation is of particular use in thermo-chemistry, in 
cases where it is desired to determine heats of reaction between gasqs. If a 
reaction be accompanied by expansion or contraction* part of the heat effect 
observed is dtie to the work done during the alteration of vollnne, and this 
must be allowed 4‘or in deducing the actual heat of* reaction. At t a €. 
the production of each gram-molecular volume of gfis corresponds to an 
absorption of 2(278 + t) or 546+ 2^ gram calories owing to the performance 
of external work. « 

The Validity of the Ga3 Laws.—In the foregoing section no question 
has been raised as to the extent to which the gas laws given are valid. The 
coefficients of expansion for heat were supposed by Gay-Lussac to be the same 
for all gases. That this is not so was first definitely proved by*Regnault, 
whose results are given in the following table; a is the coefficient of expansion 
between 0° and 100 3 , measured at a constant pressure of one atmosphere. * 


Gas, 

a. 

Gas. 

a. 

Hydrogen . 

Air . * 

Carbon monoxide. 

0-003661 

0-003471 

0-003669 

Carbon dioxide 

Nitrous oxide 

Snlfdmr dioxide . 

0 003710 
0-003719 
0-003903 


Evidently tho valqp of a depafts more and moro from that of the true 
gas (convcttiently represented at fitmospherio pressure by hydrogen) accord¬ 
ing to^the elSe jvith which the gas can he liquefied. Tho coefficients of 
Increase of pressuro with rise of temperature show tho sllmo tendency. 

In regard to Hoyle’s Law, [lie discoverer’s invuntigatidus were limited td*a 
range* of pressure extending between and 4 atmospheres, and tvero only 
able to prove the substantial truth of the relationsliip. Early m tho nine¬ 
teenth century, Oersted, Despretz, Arago, Dulong, and others turned their 
•attention to tho*fJuestion whether or not BoyleVLaw would be valid if pressures 
considerabjjy.greater than atmospheric were applied to a given volume of gas. 
No trustworthy data were obtainable, however, until the experiments of 
Regnault, published in 1847, Wcro Carried out. ' , 

As tho result of his experiments, Regnault found that not one of thqjfiour 
gases he employed, *pamely, hydrogen, # oitrogep, a».\ and carbon dioxide, 
obeyed Boyto’s Law be L w r cen pressures of 1 au$ 27 atmospheres, the range* 
•used; and further, that whereas hydrogen was less compressible than 
the law would lead us to expect, *tho three others w'ere more compressible. ■ 
The small range of pressures adopted by Regnault lod to inqiArios by 
othpr investigators, the most important experiments boing those of Amagat. 2 
Two seiies^of determinations*wore carried out. In the first, the pressures 

1 Ragnault,*'*' Edition (les experiences,” 1817 ; JIUm dc l'Acad., 1847, 21 , 329. 

8 Amdgat, Ann. Chim. /%*!, 1880, [v.], io, 345 ; 18#1, Jv.], 22 , 353; 1883, fv.l, 2& 
456, 434 ; 1893, [vi.], 29 , 68 .^ 
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employ ed*reacl?kd 400 atmospheres and were measured directly, the manometer 

tube for the purpose being built inltho shaft a of a coal-mine. In this wajr # 
the behaviour of nitrogen* hydrogenj oxygen, and air was tested, »nd, when 
•known, enabled one of these gases, nitrogen, to be used in a manometer 
instead of a column of mercury. The pressures employed #in the second 
series rose as high as 3000 atmospheres, lading measuncd l)y a mechanical, 
device in an apparatus based (Pn the principle of the hyduudic press. 

In addition to the four gases alrea ly mentioned, C0 2 , O.JI 4 , and OH, were 
also tested. The results both confirmed and very considerably extended 
Regnault’s observation^ bydiogen standing .iloiic as a gas less compressible, 
all the others being more compressible than according to Boy to’s Law, wh$n 



Pressure in Atmospheres • 

Fio. 1.—Deviations from BoyluV Law. 

higher pressures were applied, tlic value of the product pv reached a minimum 
and thereafter steadily increased, just as with hydrogen. 

The most convenient method of representing tho facts graphically is to 
plot, not simply the pressure against, volume, but the product pv against 
the pressure », and in the curves (figs.*I and 2) this method is adopted 
Fig *1 iudioates*the general types of curves obtained by Amagat, together 
witlithat which should be # obtaim:d if Boyle’s Law were exact namely, a 
horizontal straight line. Oxygon and airfare similar in behaviour to 
nitrogen ; while the curve for ethylene has a deep minimum point, like that# 
for carbon dioxide. Modern work has showti that the curves for belium and 
neon resemble that for hydrogen. 

Amagat also carried out experiments with carbon dioxideflmd etpyleno at&* 
series of different temperatures, extending frdhi 0 to 258 in the <?ase.of carbon 
dioxide. Fig. 2 represents the results graphically. Jti will be*seen that the 
minimum point tends to disappear and tho gas to*behave more aif an ideal one 
fhe higher the temperature is raised. At ordinary temperatures the hydrogen, 
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helium, and neon curves do not exhibit minima, ayd it is necessafy cool 
these gases to a low temperature before liurves of this type are obtained. 1 
* Boyla’s Law, for pressures'less tl'ftn/itmo'splierij, has also been the subject 
of many investigations, 2 of which the most recent and important are those of« 
Lord Rayleigh, 8 Three ranges of pressure were used—namely, l-0'5 atmo¬ 
sphere; 10Omm.-7fioim.; and I'Sinm.-O'Olinm. The results obtained between 



one atmosphere and half an atmosphere pressure arc recorded in the follow 
t table, the valuc^pf pn referring to 0'f> atmosphere and T'V to 1 atmosphere. 


* 

Gas. 

| Tcinji'-raturo. 

pv 
. PV' 

1J„ 


. j 10'7° 

0-99975 

n 2 


14 V 

l-oooi r> 

Air 

, m . 

. 1 , 11 '4°* 

» * 1 '0005*3 

@0 


. 1 13V 

1 -00026 

0 2 . 


. j 11'2° 

1-00038 

N.p 


. ' » 11'0° 

• 1*00327 

nh 3 


. 1 9'7° 

TOi'632 


2 Nor liyjhtgen, see LVroblewski, tUonakh., 188S, 9 , 1067. 

2 For an aciwunt of the investigations on Boyle’s Law, both for pressures greater and less 
than one Etnoapheie, see*Y*un& Stoichiometry (Loiignnms k Co.), 1908. 

3 Rayleigh, Phil. Trans., 1901, 196 , 206 ; 1902, 198 , 417 ; 1906, 204 , 361 \Proc. Hoy, 
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At low p’eipures, then, just as at high pressures, the gases fnost readily 
capable of liquefaction afe those whjfch depart to the greatest extent from 
Boyles Law, tho so-cnlled neritjfwienllgwses shewing little deviation. Over* 
the second range, 150inni.«75nmi., tie elsily liquefiable gases stilf deviate 
slightly from the law, whereas the values (if pv for nitrogen, air, and hydrogen 
remain practically constant; but at low pressures, 1'unun.- OsiAum., all obey 
Boyle’s Law, so far as experiment can determine. ’ 

lliG question of the absolute validity of Boyle's Law under extremely 
small pressures, however, cannot be decided from I lie experiments that‘have 
been made up to the present time. The error incurred by assuming the 
validity of Boole’s Law Between the two pressures and ;s, is h^st expressed 

by a coefficient defined by tlie equation — 

Pi * • ‘ 

!Vi 1>T 

Jf Boyles Law is accurate under extremely small pressures, then when 
yq^und y> 2 M'C very close to one another and each is almost nil, the coefficient 

V 2 sh«ild equal zero. 1 Although experiment so far is unable to*dccide whether 
Pi . 

this so or #iot, it is considered by !_). Berthelol| Leduc, and others that 
such is not the case. r i'his conclusion is readily deduced from Van der 
Waals’ equation (vide infra), and seems to be in accordance with the experi¬ 
mental evidence; Jor example, in the case of oxygen the deviation from 
Boyle’s Law is as pronounced at 156 rum. as at 800 mm. pressure. 2 

There is then, iu genera], at any lived temperature only one pressure in 
the immediate neighbourhood of which Boole’s Law is strictly true. This is 
the pressure at which pv is a minimum. 3 # 

Van der Waals’ Equation.--As it became deal® front Ijie experiments 
of Kegnault and others, that not one of the. ga*> laws \pdd rigidly, a number 
of investigators sought to obtain an cquatioiPwhich sliquld corrccllyareprcsont 

f er a wi<lo range tho elleet of picssure on the volume of a gas. Of # .these 
tempts perhaps the lfihst import‘ml was that of van tier Waals, 4 who intro- 
duefd two correcting fttetors into the gas ei put iop. • * #’ 

In ord«r*to understand tho nature of these corrections* reference Siust 
ho mado to the kinetic theory of gases, on the basis of which the factors 
were deduced. 

The volume of a given mass # of gas may he considered asYhe sum of two 
quantities, the space occupied by the molecules themselves ifhd ,tl\at which 
separates them from ontMinothcr, the former being small m comparison with 
tho latter when.the gas is not strongly cOToprcHued. Obviously, tho volume 


1 I.e. the tangent t<*thcp*-pcuffo shouM Ik* horizontal wlten j>^0. 

• * 2 Gray and Burt, Trans, (them. Hoc , 1909, 95 , 163:5. • « 

8 Compressibility measurements at piessuros below almospheiic are of great utility. As 
already stated, Avogadro’s hyfiothcsis piovidcs a inc;!hs ol finding the inoleculai weights of 
substances in the gaseous state. But as the hypothesis nquiros gu*-es to be compared under 
the same conditions of temperature and jee.Nsuie, ami since no two gases behave alikp 
(towards changes of teniperatuic and picssuie, il is obvious that under ordinary*conditions 
-the hypothesis canfiot be stuetly uccuiate. It is possible, howevei, by pleasuring the 
extent to which different, gases deviate I mm Boyle’s Law to inttfoducejcorrecrions for these 
deviations. The method is explained in Chap. IV. p. 132. " * 

4 Van der Waals, Kontinuitat deg gasfwmigen u. jlilssvjeiC'Zustandcs, Leipzig, 18*81. 
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available for compression is thac*of the spaces between thendbl^cules only.^ 
Further, according to the kinetic thlory, the molecules are considered as 
being continuously in motiofi, pcrf^fttlj elastic, aqd by their impacts with the 
sidps of the containing vessel, or with any surface exposed to their action* 
setting up thp pressure which is recognised as gas pressure. 

The first co'rocj.ion which must be introduced is due to the size of the 
molecules, the effect of which will be mad/’ clear by the following con¬ 
sideration. If a sphere of 1 cm. diameter start to roll by the shortest possible 
path from one sido of a box to the other, 100 cms. away, it will strike the 
farther sido after moving over, 99 cms., whilst a sphere of 2 cms. diameter 
would need* to cover only 98 cms. If, further, the two .spheres move 
backwards and forwards with the same velocity, it is,clear that the larger 
sphere will make the greater number of impacts p$r second. Hence, the fact 
that a molecule is of finito size means that the number of impacts made, and 
therefore the pressure set up, is greater than if it were indefinitely small; 
and most marked is this difference when the space through which the 
molecule is required to move before impact is much reduced, as when a gas 
is subjected to a high pressure. Evidently, then, the actual pressure measured 
is greater thaq if the molecules were indefinitely small. Van der Waals found 
that this increaso in pressure was equivalent to a reduction of the volume 


available for compression^ the ratio - where b is dependent on, although 

V - o 


not equal to, the space occupied by the molecules. 1 

The second correcting factor was introduced to allow tyr the fact that gas 
molecules are not entirely without influence on one another; for although it 
is true that at ordinary pressure the attraction may be neglected, at high 
pressures it is quite appreciable. Joule and Thomson (vide infra, p. 42) 
proved in 1854 that when a highly compressed gas was allowed to oxpand 
into a region of low fissure in such a manner that no work was done against 
external pressure, it nevertheless 'noeame slightly colder than before. 2 This 
phenomenon, which was true f('.’ all gases examined except hydrogen (and 
heliujn and neon ffiust now be included), 3 is explained by the assumption that 
at high pressures considerable attraction exists between the molecules of a 
gas; expenditure of energy is necessary to overcome this attraction when 
expansion occurs, and consequently a cooling effect is the resik. At the 
centre of a mass of gas, the molecules will be attracted equally in all directions, so 
that in effect the attractive forces neutralise one another. But. near the sides of 


the containing Vessel, the molecules must been the whole attracted backwards 
towards the centre of the mass, and for this reason, the velocity with which 
they strike the sides will bo somewhat diminished. The observed pressure is 
therefore less than would be measured if the molecules werp without attrac¬ 
tive influence on one another. It was assumed by Van her Waals tlm,t the 
attractive forco bqfcween two molecule^ was proportional to the prouuct of 
tfyeir massHS—that is, to the square of the density of the gas—or, in turn, .to 

where V is the volume. f This factor may accordingly be written in the 
form a./V 2 , whero a is a constant depending on the nature of the fjas. tf P 


1 As a jnfttter of fact, lie calculated %liat b is equal to four times the actual volumo' 
occupied by *'ie molecules. Others give the Value 4 -s/2. 

2 This coaling elTcct Is the l^asis of the modern method of liquefying air, oxygen, etc. 

8 With hydrogen, helium end neon at ordinary temperatures a slight heating effect is 
produced. 
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repreaeete the offlerved pressure of a gag whose volume is V, the true presenter- ^ 
.. that is to say, the pressure if no attraction ocour^ed—would be P + o/V 1 . ; 

By the introduction ofc these tag) fetors into-the gas equation, the 
ihodified form known as van der Weals’ Equation is obtained— 

(P+“) ( V-i)-#T. 

This equation expresses the behaviour of a gas over a wide range of 
temperature and pressure with much greater accuracy than does the ordinary, 
gas equation. * • 

. The Diffusion of Gases. —It is a common experience# that heavy 
vapours, such as bronync, can travel upwards and make tliei# presence known, 
if not by their colon!*, by tlicir pungoiit*br unpleasant odour. Early ex-* 
perimenters on gases found that a mixture of two gases of different densities 
do not separate out into layers with the ^eavy one underneath, and Priestley 1 
found that when two gases are carefully broughfrtogether with the heavier one 
underneath, they slowly pass into a homogeneous mixture. Dalton, in 1803, 2 
alqp found that any two of the gases air, nitrogen, hydrogen, oxygen, and 
carbon dioxide always Tnix when put into communication by in^ans of tubes. 

In lo23 Doboremer observed that hydrogen collected in a flask with a 
very^me crack escaped into the air, and water nvs% into the flask, although 
no hydrogen escaped when the flask was surrounded by a cylinder of the 
same gas. 

The explanation of this phenomenon was furnished in 1832, when, on 
repeating Dobereiner’s experiments, Graham found that as hydrogen escaped 
air entered the vessel. The actual law according to which this diffusion 
occurred was discovered by Graham in a serifs of experiments^ in which tubos, 
from six to fourteen inches in length, were closed at one end by a thin porous 
plug of plaster of Paris, filled with gas over water, awrfljffusion then allowed 
to proceed. After a given time, the rcsiuua' gas was analysed in order to 
determine fche amount of the original gas ifanaining and the amount pf air 
which had entered by diffusion. * * 

Graham found thal^Ae rate of diff union of a <jas is inversely proportional 
to t/x square root of i?s density. This deduction was abased oil the fqjlowing 
results, 5 • • • • • 


Gas. 


Hydrogen , . * 

Methane . . * . 

CarbA .monoxide 
Nitroge’n . . . f . 0 

Bthylene . 

Oxygen .... 
Hydrogen sulphide . • 

Nifcrous o^ide . 

Carbon dioxide . 

Sulphur dioxide 


Density. 

(An--]'.) 


Velocity of 

Wi 

^ Dilfusion. 

. (Air=sl.) , 

0-06919 • 

• 37935 

3-83 

0-559 

1-3375 

1-344 

0-9678 

1 0165 

1-1149 

0-9|].-} 

« 1-0147 •» 

1-0143 

0-978 

1-0112 

4-0191 $ 

1-1056 

0 9510 

0-9487 

1-1912 

0-9162 

0^5 

l 527 

0-8092 

0 82 

1-619 

0*8087 

„ 0-812 

2*247 

oafi7i 

0-«8 , 


• 



1 Priestley, Observations on Air, 2 , 441.* *• • 

2 Dalton, Mem. Manchester Phil. Soe ., 1815, p. 259. 

8 Graham, Phil.*Ma<j, t 1833, 2, 175. 




3 







34 MODERN ’INORGANIC) GmorfOTWV- 

■ «.The plaster of Paris plug cap be replaced by other porous materials, spe 

stucco, but'Graham found 1 tlje pest material was a plate of artifiois 
graphite, 0’-5 mm. thick. To demonstrate thro difference in the diffusiv 
powers of different gases, use may also be made of thin-walled cells of u£ 
glafced porcelain. 

Investigations were also carried out by Graham in which a metal plate 
pierced by a very fine hole, closed the tubG containing the gas. In thes¬ 
es peri men ts the gas was forced through the aperture by a slight excess o 
pressure in the tube, - and its passage outwards under these conditions wa 
termed effusion. For any ono^gas the rate of effusion was proportional to tb 
difference of pressure on the two sides of the plate, and fo/ different gase 
under the Bame pressure conditions the rates were, liko the rates of diffusion 
inversely proportional to the square roots of the densities. 

4 It may bo added that the law of diffusion or effusion of gases, experiment 
ally demonstrated by Graham, cac be deduced on the basis of the kinetic 
theory of gases. + 

If a thick porous plug is used, the rate of diffusion is no longer propor 
tional to the square root of the gaseous density, for the friction of a’gai 
with the sides of the pores reduces its velocity. The actioh is. indeed 
similar to the passage of a gas through a narrow tube, a process which ii 
called transpiration , and which concerns the passage of the g«s bodily 'rathei 
than with diffusion by molocular movement. 

The facts concerning the rate of diffusion of a gas have received practica 
application in the process called atmolym , whoreby the constituents of e 
gaseous mixture can be partially separated. Thus, if electrolytic gas be 
passed slowly through a porous clay tube, so much of the hydrogen will 
escape by diffusion through the walls that the gas collected from the end ol 
the tube will no longer explode. If, instead of electrolytic gas, steam be 
passed through the*thbe and headed to a white heat, it is possible to demon¬ 
strate that a partial.dissociation occurs by the fact that the steam jssuiug is 
mixed with an excess of oxygen! Similarly, tho products of the dissociation 
of apinmnium chloride may be partially separated, or again, argon can be 
concentrated in its mixture with nitrogen. As a practical means of purifying 
games’,'iioweyer, the prbeess of atmolysis is of little use* 


Vapour Tension and Boiling-Point of a Liquid. 

<. 

Evory liquid exhibits a tendency to evaporate or pass into a state of 
vapour/ If a liquid is sealed in a tube from which air has been removed, 
evaporation will occur until, for sny one temperature, a state of equilibrium 
is reached between the vapour escaping and that re-entering thff.liquid. 
In this condition w the pressure which the vapour exerts, called its vapour 
pressure, counterbalances arid is therefore eCjual to the vapour tension,* or 
tendency of the liquid to evaporate. The vapour tension and vapour pressure 
increase ‘with rise of temperature, and in order thkt the actual value of the 
.vapour teusion may be measured liquid must be present as such. Since 
under tjieso conditions the vapour pressure is a measure of vapour tension^, 
the twOotOi-ms are often employed indiscriminately. 

Two methods are available for the determination of vapour tensions 

,__ * * t _____ 

1 Gruhara, Phil. Traits 1863, I53» 385. 
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' V r 4, •. '■ > ? 

(l^.Ttfe go-calted statical method jp which tho depression of the baron&fffe] 
column caused by evaporating liquid aboye tho mercury is measured, ' ■■! * { 

(2) The dynamical method, which consists in causing the fiquift to' foil' 
under a definito pressure and measuring tho boiling-point by ■ immersing;*-, 
thermometer in the vapour. 1 f/ • 

On plotting the vapour tension against the temperature, a curve of th« 
general form indicated in fig. .t is obtained. Its lower limit is normally thte' 
melting-point of the solid (or rather tho triple-point), but since 4 liquid catt, 
be supercooled, the vapour tension curve can be extended below the meltiijg* 
point; the upper limit is the critical temperature (vide infra , p.^38). 



. Fro. 3. —Gcnoral fonn of vapour tension curve. 


The following figures 2 represent tho japour tension (in millimetres 
mercury) of water at various temperatures. • 


°C. 

-20 

-10 

0 

5 

10 


in in. 
01)60 
2-159 
4^79 
6'528 
9-179 


°c. 

mm. 

V. 

mm. • • 


15 

12-728 

to 

, 526-00 

20 

17-406 

10% 

700-00 * 

300 

25 

23-546 

120 

1,503-00 

» 350 * 1 

50 

92-17 

150 

3,578-00 

. 360 1 

ft 

289-32 

200 

11,025-00 

364 3 1 

is 

not only tho 

• * 0 

vapour tehsion ctirve,«but also, 


mm. 

29,961 

67,6‘iC 

126,924 

14,80c 

147,904 


•J - ■ J luuaiuu uuivc,»uuv n.ISO, ttlf W 

be evident from the dynamical method of measuring vapour tensions, tl 
curve indicating the relationship between boiling-point and pressure. F 
the boiling-point of a liquid is defined as the highest tempertiture attainab 
by a liquid under a given pressure of its own vapour, when Jicat is applh 
externally and evaporation occurs freely from the surface. Thus*from tl 
above table, tho boiling-point of water at* 760 unm. pressure is 100* CL j 
1503 jnm. 120°* and at 92T7 mm., 50°. 

I&cept in special casgs, such as in molecular weight determinations, tl 
temperature of thewapour isAing fitim a boilitig liquid and not that of tl 
liquid itself is measured. Wlibn the latter is required, two methods, namfcl 
those of Beckmann and Buchanan (the latter as used in the Landsberge 
Sakurai apparatus), are available. In tho formor process, the source of hej 
is external (usually a gas flame), and«superheating and boiling witl^bumpui,, 

: -i-;-~-•" -• - -----4— 

For the practical details of these methods see, for exampfo OstwalQ and Luther,* 
rKynko-cimni&cke Messungen (3rd edition, Leipzig, 1910). *Tho*two iftethod^are found to 
mb laentiOM results (see Menzies, J. Amer. Cliem. Soc., 1919, 32 , 1615), * ' 

;._-v Laudolt-Bomateiu, Physikaltich-ckemisdie Tabelkn, Berlin, 1912. 
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are* liable to occur. To eliminate superheating, ^pieces of grarfite,* porous 
porcelain or, best of all, platinurp tfctrabedra are added. Whatever the 
raethocfof Keating, however, a bulfble*of vapour»formed at the bottom of a 
mass of liquid is under a pressure not only of the vapour, but of the liquid 
column also, fso # that when boiling occurs, the temperature at th 3 bottom will 
be slightly greater "than that of the surface layer. 1 

The boiling-point of a liquid is therefore generally registered by immers¬ 
ing *the th'ermometcr, with its bulb surrounded by some material, such as 
cotton-wool, which has a large surface, in the vapour arising from the freely 
boiling liquid. A constant temperature is registered when the rate of con¬ 
densation of vapour on the cotton equals that of evaporation. 2 ‘ 

Neither air i/hr any other vapour must be prosent, # fouthe pressure exerted 
would then be due in part only to the vapour frorti the liquid under examina¬ 
tion, and too low a boiling-point would be registered. 

At high temperatures, boiling,-point determinations are effected by 
measuring, either by platinum resistance thermometers, or by optical 
pyrometers, 3 the temperatures at which vigorous ebullition of the liquids 
occurs. In Greenwood's measurements of the boiling-points of metals, the 
latter were hfrated, either in a carbon tube crucible or in ond of graphite 
lined with magnesia, by an electrical resistance furnace, and when vigorous 
ebullition occurred the* temperature was noted by an optical pyroVneter 
directed against the bottom of tho crucible. 

Besides being dependent on the pressure, the boiling-point of a liquid is 
altered by tho presence of a second substance, and hence. affords a valuablo 
ndication of tho purity of tho liquid. The nature of this change of boiling- 
point can be deduced from tho discussion of the vapour pressure of mixtures 
given in Chap. 1«1I. 1 

r 

, e " 

THE B,01 LING-POINTS OF THE ELEMENTS. 




< 

’Element. 

Boiling-Point. 

Pressure. 

Authqyity and Reference. 

Q 

' 


*• r 


°(J. 

mm. 


Helium 

-2(587 

760 

On lies, Proc. K. A had. U r etensch. 
Amst., 1908,11, 168; 1911, 13 ,1093. 

Hydrogen . , . 

- 252*78 

760 

Travers, Sentei, and Jaquerod, Phil. 
Trans., 1903, A, 200 , 105. 

Nitrogey . ■* . 

-195-67 

760 

K. T. Fischer and Alt, Ann. Pkysik, 
1903, (4), p, 1149. 

Ramsay and Travers, Phil. Trans., 
1901, A, 197 , 47* * „ 

Krypton 

-1617 

, 760 

Neon . 

- 240 approx. 

760 

Travers, Senter, and Jaquerod, Ipx cit. 

Tluorine 

- - 187 u 

760 k 

Moissan a.id Dewar, Com.pt. retui., 1897, 

c. '' 



rH 1202 ; 1903 , 13 d, 786. 


1 See the Karl of Berkeley and Appleby, Proc. Roy. Soc.., 1911, A, 85 , 477. & 0 

8 For details gf boiling-point measurement^, see Ramsay and Young, Phil. Trans. , 1884, 
‘I7S, 37 pOswald and Luther, Phmiko-dicniischc Messungen (Leipzig, 3rd edition, j 910} $ 
also Travers, Senter, and Jaquerod, Phil. Trans. , 1903, A, 200 ,105; Kumorfopoulua, Proc, 
Roy. Soc., 1908 , A, 8l,f3^9. 

* See D/ Bertheiot, Comply raid., 1895, 120 , 831 ; 1898, 126 , 410; 1902, 134 , 705 (for 
Cd’and Se); F4ry, Ann. Ckim. Phys., 1903, [vii.], 28 , 428 (for Zn and Cu); Greenwood, 
PrU. Roy. Soc., 1909, A, 82 , 390 ; ibid., 1910, A, 83 , 488. 
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»Tffc*BCil LING-BOI NTS OF. THE ELEMENTS —continued. * 


Boiling-Po?nt. Press lift. 


Authority and Reference). 


Iodine. 
Phosphorus. 

Mercury 

Sulphur* . 


Rubidium 

Potassium 

Cadmium 

Sodium 

Zinc . 

Magnesium 


Lithium 

Bismuth 

Antimony 

Lead . 

Aluminium 

Manganese 

Silver . 

Chromium 

Tin 

Copfrr 

Nickel" 


• *181-35 

-‘Ifl'S 


Sublimes. 

670 

690 


less than 1390 

• 

above 1400 
1420 
1440 
1525 

1800 r 
1900 
1955 
2200 
2270 
2310 
234C 


Railway and Travers, loc. cit. 

Tiavcrs, Sen ter, and Jaquerod, toe. cit- 

Ramsay and Travers, loc. cit. * 

Johnson and M ‘Intosh, J. Amur. Chem. 

1909, 31 , 1138. 

Ramsay and Young, Trauk. Chem . Soc., 9 
1886, 49 , 453. # 

Jolibois, These, Paris, 1910; Compt. 
rend., 1910, 151 , 383. • 

lleycock and Lam plough, Proc. Chem. 
Soc % 1912, 28 , 3. 

Chappuis and liarkor, Phil. Trans., 
1900, A, 194 , 37; Chappuis, Phil. 
May., 1902, (vi.), 3 , 243; Kumorfo* 
poulus, Proc. Roy. Ry. , 1908, A, 8 x, 
339 ; Callendar and Moss, ibid., 1909, 
A, 83 , 106 ; Waidner and Burgess, 
Bureau fStmd. Washington, 1907, 3, 
3, 345. 

Ruff and Johannsen, Ber., 1905, 38 , 3601. 

D. Berthclot, Comp, rend., 1902, 134 , 
705. 

Ruff and Johannsen, loc. cit. 

Weycook and Lamploiigh, lor. cit. 


Greenwood, Pry. Roy. Roc., 1909, A, 
•82, 396 ; 1910, A, 83, 483* , 

Isaac and Taminiftn, Zcitsch. anorg. 

Chem., 1907, SS, 6$. • 

Deville and Troost, Compt. rend., 1863, 
56, «91. * / 

Rutl and Johannsen, toe. cit. 
j Greenwood, loc. at. 


Nickel" . . 234C _ 1 80 mm. Ruff and Keihg, m Zeitsch. anorg. Chan., 

, . • ! 19f4, 88, 410. 

Cobalt . . 2415 # ,, j Ruff and Borman, ibid., 1914,88, 386! 

I ron • . . 2460, 1 atmos. ' Grgonwood, loc. cit. ; Ruff and Borman, 

_ • ___ 1 opus at., p. 259. 


rhodium, 2600; ruthenium, 2520. gold, 2530; pallathmn, 2540; iridium, 2550; moly£«enum.a2lX): fHiflOtt! 
•MOO; boron, 8500; tunpten, 370o. , # # • • 

Critical* Phenomena. * 


All gases, when submitted to pressure and coofed suffici&itly, ftre reduoed 
to^the liquid state. Of the two factors involved, # namely, temperature and 
pressure, the former is by far the more important, since it is possible to 






38 MODERN INORGANIC OHEMISTJST" 

liquofy a-gag at ordinary atmospheric pressure by lowering Its temperature 
^sufficiently. Thus, at the temperature of boiling hydrogen, all gages except 
helium pass into either the liquid er the solid state. On the other hand, it 
ie seldom that a pressure as great as 100 atmospheres is required to effect' 
liquefaction, uselessness of very high pressures is due to the fact that 
for each gas there is a temperature above which it cannot be iiquofied. This 
temperature is called the critical temperature (%) of tho gas. Tho pressure 
necessary to offect liquefaction at this temperature is termed the critical 
pressure (P t ); it is the highest pressure ever required to effect the liquefaction, 
Few critical pressures exceed 1TO atmospheres (see table on p. 131). Before 
the existence? of tlie critical temperature was known, however, pressures 
enormously in excess of this were tried, Nattorer 1 applying pressures as great 

as .iGOO atmospheres, but without suc¬ 
ceeding in liquefying hydrogen, nitrogen, 
orygen, and carbon monoxide, even at tho 
temperature of the solid carbon dioxide- 
ether mixture (p. 39). 

The existence of the critical tempera¬ 
ture was first noticed for ether ,,and a 
number of other volatile liquids by 
Cugniard de la Tour in 1822V 2 The signi¬ 
ficance of his results was not appreciated 
at tho time. Later, Faraday seems to 
havo recognised in tha “Cagniard de la 
Tour Temperature” of a substance the 
superior limit to its existence in the liquid 
state; but it was the classic work of 
Andrews, 3 commenced in 1861, which 
Really led to the discovery of the critical 
temperature aud of the connection be¬ 
tween the liquid and gaseous states. 

Andrews described his experimental 
results in the following words: " On 
* Volume —* ' partially liquefying ' carbonic acid (car- 

Fio 4.—Andrews’curves for carbon bon dioxide) by pressure 'alone, and 
' dioxide. gradually raising at the same time the 

- t , temperature to 88’ F., or 31-r C., the 

surface of demarcation between the liquid and g&s became fainter, lost its curva¬ 
ture, and rt la*T disappeared. The space was then occupied by a homogeneous 
fluid) which exhibited, when the pressure was suddenly diminished or the 
temperature slightly lowered; a peculiar appearance of mo\ing or flickering 
strife throughout its entire mass. At temperatures above 88" F. no apparent 
liquefaction of carbonic acid, oj; separation into two distinct forms, of niatter, 

^ coqld be effected, even when a pressure of 300 or 400 atmospheres was applied. 

' Nitrous oxide gave analogous results.” 4 

The isothermal curves for carbon dioxide, as determined by Andrews, %re' 
shown in fig. 4. Each curve at temperatures below 31T° C. is rnitde up of 

1 Natterar,” J. prakt. C/iem., 1844, 31 , 375; 1845, 35 , 189; 1863, 56 , 127; Pm. 
Annalm, 1844‘,'63, 132 ;4866, 94 , 436. 

“ Cagi)iar*dc la 'rour, Ami tChim. Phys., 1822, 21 , 127 ; 1823, 22 , 410. 

“'Andrews, Phil. Trans., 1869, J59(i>.), 575 ; 1876, 166 (ii.), 421. 

VMilier, Chemical Physics (Longmans & Co.), 3rd edition (1863), p. 328. 
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three part#, the middle portion being horizontal, and ah abrupt, ehang# of 
gradient occurs on passing from the horizontal part to the other portions pf 
the isothermal- 1 , Their significance n*‘iy*4o explained with reference to the 
isothermal for 21'5° C.. The portion AB represents the compression of vapour, 
(A gaseous substance is called a vapour when its temperature is below its 
critical temperature.) At B liquefaction comnynoes; the volume diminishes 
as liquefaction progresses, but the pressure remains constant and equal to the 
vapour pressure of liquid carbon dioxide at 21’5* C. At 0 liquefaction is 
complete, and the portion CD represents the compression of liquid carbon 
dioxide. 

The horizontal portion diminishes with rise of temperature, anti at 31*1° C* 
the critical temporatui^, it dwindles to nothing, liquid and •aturated vapour 
at the critical pressure having the samo specific volume. The isotherraals at 
temperatures above 31‘1° C. exhibit" no abrupt change of gradient, and no 
portion of them corresponds with an equilibrium between liquid and vapour; 
at these temperatures all visible distinction hefti-con the liquid and gaseous 
states has disappeared. 

• The critical phenomena, so carefully observed by Andrews in the cases of 
carbon flioxftle and nitrous oxide, may be observed with all substances which 
can be obtained as gases and liquids. 

A number*)f critical constants are given in the table, p. 131. 2 

Liquefaction of Casks. 3 

The first gas to be reduced to the liquid state was sulphur dioxide, which 
was liquefied by Monge and Clouet. 1 * * In 18^5-6 Northmoro liquefied chlorine, 
hydrogen chloride, and sulphur dioxide by compression.'' Tift) first systematic 
investigation on the liquefaction of gases is due to Friday, rt who sealed up 
the materials necessary to prepare the gas*in one limb ot*a boat tube, cooled 
the other limb in a freezing mixture of ieo # aud salt, u*d generated the gas 
within the closed tube by mixing and warming the«matgrials. Under the 
combined influence of# cold and pressure a number of gases wore liquefied, 
including sulphur dioxide, hydrogen sulphide, euchloriue, # cyanogen, ammoniar, 
carbon dioxide, and nitrouS oxide. The method *w;is rather daftgejous, 
frequent explosions occurring in the experiments on the last two gases. 

Thilorier, in 1834, prepared liquid carbon dioxide on a large scale, u^ng a 
wronght-iron apparatus and employing Faraday’s method oLoblaining high « 
pressures. 7 He also solidified carbon dioxide, and discovered that when thi& 
solid was mixed with ether, an extremely convenient cooling medium 
(Thilorier’s Mixture) was obtained. 


1 Andrews did not obtain accurately horizontal parts to his isothcrmals; the pressure . 
increased slightly as f ho volume lyis dinmnshed, am^the almost* vertical portions of the 
curves did not start abruptly. Thi* he correctly attributed to the presence of#a trace of^air 
in the carbon dioxide. 

' 8 For- methods of determination see Young, Stoickiomelry (Longmans & Co.>, 1908. , 

** See also Hardin, Rise and Development of the Liquefaction of Cases (Macmillan & Co,), 
1899 ; Ewing, The Mechanical Production §f Cold (Camb. Univ. Press), J908 ; and Claude, 
fyquid Air, Oxygen , and Nitrogen, translated by Cottrell (Churchill k Co ), 1943. 

4 Fourcroy, SyMtmes des connaissancesfhimiqucs, f800, vol. ii. p, 74. * • . 

8 Nofthmore, Nicholson's Journal , 1805, 12, 368 ; 1806, 13 , 23J ; Alembic Club Reprints, 

No 12, p 89 (Clay, 1896). . * * ' * 

* Faraday, Phil. Trans., 1823. 113 , 189; Alembic Club iiepnnts, No. 12, p. 10t 

''i TUiUritn- A** Hhim Phvi 1835. do 427. 432: Annalen , 1839, 30 , 122. 
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Faraday resumed his work on the liquefaction* of gases in l$40. x He 
applied pressure by means, of two air-pumps, and availed himself of 
“ ThilorieFs ‘Mixture ” in order toflobUin low temperatures.. By evaporating 
thi» liquid under reduced pressure* 2 Faraday reached a temperature of 
- 110° C., measured by an alcohol thermometer, and succeeded in liquefying 
ethylene, silicon fluoride, phosphine and boron trifluoride, and solidifying 
hydrogen bromide, hydrogen iodide, cuchloritfe, cyanogen, ammonia, sulphur 
dioxide, hydrogon sulphide, and nitrous oxide. Ho was unable to liquefy 
hydrogen, nitrogen, oxygen, nitric oxide, or carbon monoxide, and these gases 
came to bo known as the “ permanent gases.” * 

r Natterer’6 unsuccessful attempts to liquofy the “permanent gases” have 
already been mentioned. Success in this direction was r fir*t achieved in 1877, 
almost simultaneously, by Cailletet in France and Pictet in Switzerland. 

® Pictet 8 reached a temperature below the critical point for oxygen by 
judiciously applying tho methods • that had boon previously employed. 
Liquid sulphur dioxide, boiling under reduced pressure at - 65° C., was used 
to liquefy carbon dioxide at a pressure of 4 to 6 atmospheres. This liquid 
in its turn was boiled under reduced pressure, and temperatures varying 
from - 120° toe - 140° C. were thereby obtained. The liquid ea&on dioxide 
cooled the highly compressed oxygen, which condensed to the liquid state. 
To this “ cascade ” method of attaining low temperatures, Pictet added the 
method of continuous cooling; for each of the auxiliary gases, sulphur 
dioxide, and carbon dioxide, underwent a continuous cycle of changes, being 
liquefied, evaporated under reduced pressure, reliquefied,* and so on. The 
cryogenic laboratories at the Royal Institution, London, and at Leyden, are 
equipped with low - temperature plant in which the cascade principle 
is adopted. * 

Cailletet 4 introduced the method of adiabatic expansion with the 
performance o£ external work. T^e sudden, adiabatic, expansion of a gas 
against an external pressure oauses external work to be performed by the 
gas, which accordingly .suffers a diminution in its internal energy* and falls 
in temperature. /The lowering of temperature obtained in this way may 
‘bo very great. Cailletet compressed the gas in a papillary glass tqbe 
confined over ( mercury to several hundred atmospheres pressures, cooled the 
gas k> about 0°'to -20° C., and then suddenly released the pressure. In 
this way ho succeeded in liquefying acotylene, nitric oxide, methane, oxygen, 
carbon monoxide, air, and nitrogen (the first two gases yielded to cold and 
pressure alone, Without any necessity for expansion), and obtained indications 
of the liquefaction of hydrogen. 5 

The process, as carried out by Cailletet, was of no use commercially, 
and it was not until 1905 that the' method of cooling by adiabatic expapsion 
was successfully worked on a large scale. Tho method employed Con¬ 
sists in dividing a supply of, gas, compressed to about. 50 atmospheres, 
intp two parAs and expanding one suddenly in a cylhider fitted with a piston" 
< thereby performing external work and lowering the, temperature of the gas 


1 Faraday, Phil. Trans., 1845, 135 , 155; Alunbic Chib Reprints, No. 12, p. 33. 

‘ ® This method of obtaining low temperatures was first used by Bussy {Ann. Chim. Phys., 
1824, 26 , 63). ‘ * 

8 Pictet, CoMpt. rend.,c\877, 85 , 1214 ; Ann Chim. Phys., 1878, (v.), 13 , 145. 

4 Cai 1 letet.CCoM pt v rend.) 18f7, 85 , 851, 1016, 1213, 1270; Ann. Chim. Phys., 1878. 

(v.). IS . 132. 

Cailletet, Compt. rend., 1877, 85 , 1270. 
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below ka ttitldfr point, fflie cold expanded gas is then utilised in coding 
the other portion of gas, which liquefies,at tho. pressure employed, and the 
process is carried ou in a continuous marker. 1 The difficulty of lubrication 
was largely responsible for the failure of previous attempts ic carry out this 
process commercially. The lubricant employed by Clause* is petroleum 
ether, which does not solidify, but only becomes viscous at such low 
temperatures as -140° to 1(50° C. This procedure for obtaining low 
temperatures is conveniently combined with the Lindo process for liquefying 
gases, to be described later. 

Caillctet prepared large quantities of liquid ethylene, which he recom¬ 
mended as a Valuablo refrigerant, and, employing this liquid, toiling undfrr 
reduced pressure, a cooling bath, lie succeeded in •obtaining liquid 
methane and oxygen as static liquids. 2 The employment of the same cooling 
medium by Wroblewski and Olszewski led to tho production of liquid oxygeti, 
carbon monoxide, and nitrogen in tho static form, 3 and subsequently to tho 
production of considerable quantities of these*!iquids, and the solidification 
of nitrogen and carbon monoxide, temperatures as low as -‘200° C. being 
reached. The rapid evaporation of liquid ethylene in vacuo leads to a 
tompemtmf of - 152° C. 4 The utility of liquid ethylene as a*rcfrigerant was 
also recognised by Dewar, 5 who prepared liquid air and oxygen in large 
quantities by fts aid. < 

The modern process, by which liquid air, oxygen, etc., may be obtained 
in large quantities, requires the use of no auxiliary refrigerant; it may be 
called the method of “self-intensive refrigeration,” and* was brought forward 
almost simultaneously by Linde 6 and llumpson 7 in 18‘J5. In this method, 
the gas to be liquefied is continuously supplied at a high, constant pressure 
to a long, closely wound, vertical, copper spiral tube, and flowed to expand 
through a valve attached to the base of the coil. «Tho gas escapes, and 
passes up at a low, uniform pressure, thryugh the spacePbetwien the exterior 
of the coil and its metallic casing. Each portion *>f gas that expands 
through ifhe valve undergoes a diminution in temperature, anti* the cold 
gas is utilised in lowering the initial temperature of tl*e portion gas 
next to ho expanded, g.e. the cooling effect is intensified, jmtil at length- the 
gas liquefies. 

In tho ordinary Hampson air-liquofier (fig. 5) the air at A, carefully freed 
from carbon dioxide and moisture, is delivered into the coil at 150 to* 200 
atmospheres pressure, and allowed to expand at the uozzjg D down to a 


1 Claude, Compt. rend., 1^00, 131 , 500 ; 1902, 134 , 1568; 1905, 141 , 762, 823 ; see also 

Mathias, Revue generate des Sciences, 15th Sept 1^07. • 

2 C&illetet, fampt. rend., 1882, 94 , 1224 ; J883, 97 , 1116; 1884, 98 , 1565 ; 1886, IOO, 
1033 ; Ann. Chim. Rhys., 1883, (v.), 29 , 153. 

8 Wroblewski and Olszewski, ]%matsh.f 1883, 4 , #.5; Compt?rend., 1883, 96 , 1140, 
•1525; JVied. Annalen, 1883, ?o, 243. • m 

4 Wroblewski, Compt. rend., 1883, 97, 166, 309, 1553, 1884, 98, 149,304, 982 ; 99, 
186 ; 1885, IOO, 979 ; 1886, I02, 1010; Wied. AnHalen, 1883, 20, 860; 18#5, 25, 371 ; 
26,184 ; k886, 29, 428; Olszowski, Monalsh., 1884, 5, 124, 127; 1886, 7, 371 ; 1887, 8, 
69; Phil. Mag., 1895, (v.), 39, 188; 40, 202; and Compt. rend., 1884,g^S, 365, 913 ; 90, 
» 138 184, 706; 1885, 100, 350, 940; 101, 238. . • . * 

6 Dewar, Proc. ftoy. Inst., 1886, p. 550 ; cf. ibid., 1884, p. 148 ; Phil. Mag. 9 , 1884, (v.), 

18 , 210 . • # * 

* Linde, The Engineer, 4th Oct. 1896 ; Soc. of Arts 897, p. IfJbl ; E1?j. Pat., 1896, 
Ifc. 12,628 ; Linde, Wied. Annalyi, 1896, (ii.), 57 , 328 ; Bir., 1899, 32 , 926. 

* Hampson, J. Soc. Chem. hut., 1898, 17 , 411 ; Eng. Pat., 1895, No. 10,165. 
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. pressure only a trifle in excess of tliat of the atmosphere; anoutjrper cent 
,of the air passing through tile apparatus is liquefied, and about a litre and i 
half of liquid air may be obtained h‘ a» hour. Tho liquid collects in E, am 
is withdrawn by unscrewing the hollow spindle Ft}. Owing to the differenci 
in the boiling.points of oxygen and nitrogen, the liquid air is considerably 
richer in the former element th|n ordinary atmospheric air. 

The cooling effect produced in tho machines of Linde and Hampson is nol 
due tfi a diminution in the internal energy of the gas caused by its perform 
ing external work against the atmospheric pressure, and must therefore b< 
clearly distinguished from that utilised by Cailletet. ifhe fall in temperaturi 
is, the result'of internal work performed in separating the gas inoleculei 
farther from one snnother, thereby overcoming the foi^efk of attraction thal 
operate between them (vide supra , p. 32). This 
thermal effect was first studied by Joule and Thomson. 
It is quite small, amounting, in the easq of air at th< 
ordinary temperature, to only 0255" C. for a fall ir 
pressure of one atmosphere. It increases, however, ai 
the pressure drop is increased and also as tho initia 
temperature is lowered, and this circumstance ifftH puf 
to practical advantage by I.inde and Hampson. 

<fhe application of this mothod to th% liquefadior 
of hydrogen at first sight seems out of tho question 
since a slight rise in temperature occurs witli this gas 
(vide supra, p. 29), If, however, tljp initial tempera 
Lure of the gas be sufficiently reduced, hydroger 
behaves like tiie other gases, and in 1898 Dewar , 2 bj 
applying tlfe method to hydrogen previously coolec 
ydth liquid air, succeeded in obtaining liquid hydrogen 
* hydrogen liqpefiers have been subsequently described 
,by Travers 3 and Olszewski ; 4 the “inversion tempera' 
tpre” of hydrogen, below which it is cooled by fret 
expansion, is - 80'5° C . 6 

Helium proved even more dffficult to liquefy that 
JU—, —Jj |‘ hydrogen, hut its liquefaction w!is at length aecom 
' r *' ‘plished by Kamcrlingh Onties by the selfantcnsifying 
process, after initially cooling the gas to the tomperatun 
of liquid hydrogen . 0 

Liquid air and similar volatile liquids are usually 
c • collected and preserved in the vacuum flasks introducer 
by Dewar. These are double-walled glass vessels, tho space between tht 
walls being completely evacuated, and the contained'liquid thereby vacuum 
jacketed. The heat conveyed by radiation across the vacuous space tt* the 
liquid is only about 4 >ne-sixth of that w|yich \v 911 ld .each the liquid by con 
iu^tion and»conveotion in the absence of tho vqjiuum jacket; and this can bi 



Flo. 6 .-— Hampson 
liquefier. '* 


» « • 

1 Jonlo and Thomson, lldl Tram., 1853, 143 , 357 ; 1854, 144 , 321 ; 1862, IJ 2 , 679? 
a Dewar, Chem. News, 1900. 81 , 136. . 

* ,* Travel, Phil} Mag., 1901, (vi.), 1, 411; The Study of Gases (Macmillan k Co,, 1901) 

* Olszewski, Pv.il. Acad. Sci. Cratow, 1*902, p 619 ; 1903, p. 211. a 

c Olszewski* Phil htyg., 1902, (vi.), 3, 635 ; cf, Bull. Acad. Sci. Cracow, 1900 
, 792. a,''"*,' 

* Xamerliueh Omies, Cornet, read., 1608, 147 , 421; Pros. K. A had. IVcUneek, 
Imtltrdam, 1908, 11 ,168 ; see also Mature, 1908, 78 , 3)0, 



PBOTERTIES' OF ELEMENTS”AND OOMPOWPS IS 

dirfliniahedWo aj&ut one-tt,irtieth part it tho interior of the jacket is silvvad. 
The latter procedure, however, is impracticable if for any purpose it is 
necessary to observe the content's of Jthleflask. * 

Properties op Solids. 1 

• 

Melting-Point and its Determination.—The familiar phenomenon 
of the passage of a crystalline substance from the solid into the liquid«tate 
occurs at a definite temperature known as the melting point. More accurately - 
defined, the melting-powit is the temperaturS at which the solid and liquid 
phases can exitft in equilibrium under a given pressure. The ofiefct of pressuie 
in altering the melting-point is very small, as will be seen* by the following 
examples, and further, inci%ase of pressure may bring about either a rise or 
a fall in the melting-point, according as the substance expands on liquefaction 
or contracts. 


Water (Ice). 2 

Carbon Dioxide. 8 

Phosphoius. 4 

• 

Melting- 

Point.* 

Pressure. 

Melting- 

Point. 

Pressure. 

Melting¬ 

-Point. 

• 

Pressure. 

°C. 

Atmos. 

°C. 

Atmos. 

*C. 

Atmos. • 

0 

1 

-567 

5-1 

44-10 

1 

- 2*6 

336 

47 4 

500 

45*60 

50 

- 5 

615 

-38 0 

1000 

47'00 

100 

-10 

1155 

-20-5 

2000 

48-45 

B 150 

-15 

1625 

- 4*0 

3^00 

49-85 

200 

-20 

2042 

+ 10 -5 

4000 

_ 9. ___ 

• 0 

300 

• 


The majority of substances have their rrfhlting-poiqts raised by %n increase 
of pressure. •„ * # 

Melting-points as usually tabulated indicate the transition temperatures ’ 
from the solid to the liquid state at atmospheric prcusmlj. r l'lie accompany¬ 
ing table records the melting-points of the elements.* Fof salta, the tem¬ 
peratures recorded by various investigators often vary considerably, and no 
examples are included in the table. 5 

Various processes are available for the determination ofanelting-points. 
The first which may bo mentioned depends on finding the freezing-point of 
the liquid, for when certain precautions are taken the freezing-point and 
melting-point are identical. The precautions art due to the fact that when a 
liquiif is sjowly cooled without agitation, or even, in some cases, when slowly 
and regularly stirred, the tpmperature falls below Ijie melting-point, or. 

• normal freezing-point, and thq liquid becomes supercooled. This^mpercooled 
condition can be removed by the addition of a trace of the solid phase (a 

_ ^ _ • ___ _ » 

1 For distinction between “amorphous ” and “ crystalline ” solids, see p. 47, 

, 1 Tammann, Ann. Physik, 1900, [iv.],%, 6. • 

8 Yillard and Jarry, Compt. rend., 1895, ito, 1413 ; Tammann, Ann. Pnysik, 18*99, 
Ml 68, 583. 

* Hulett, Zeitsch. physikal. Chem. , 1899, 28 , 666 . 

• ' s See Hiittner and Tammann, Zeitsch. anoig. Chem., 43, 210 ; wmie, 4 rMr ‘ «/• 
Set,, 1909, [iv.], 28 , 453 and 474. • 
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min»to amount of ice if the liquid ia water) or by the production 8f the solid 
phase by agitating; the liquify Both iftese .methods are followed in practice, 
the lattifr tile more frequently. Whan crystals »once appear in the liquid^ 
freeing rapidly takes place and the temperature, provided the degree of 
supercooling wap only small, rises rapidly to the equilibrium temperature of 
the solid-liquid mixture, that* is, to the melting-point. The Beckmann 
apparatus is very suitable for the purpose of tho determination (see p. 145). 

Another accurate process consists in surrounding the bulb of a thermo¬ 
motor with the finely divided material in a wide tube and raising the 
temperature slowly by means of' a hath maintained at a point only slightly 
higher than Ifne contents of the tube, until melting has begun. ’ The mixture 
of liquid and solkl is stirred thoroughly, though not Rapidly, the constant 
temperature registered being the melting-point. * 

• For substances of high melting-point, such as metals, a variety of methods 
has been adopted:— 

1. The substance is heated to its point of fusion in a crucible or porcelain 

tube, a current of hydrogen or of some inert gas being passed over 
the surface of tho metal, and the temperature noted by inserting 
the p»jtected ends of a thermo couple; 1 •' * 

2. The substance is inserted in the form of a wire into the thermo-element, 
' and its tempertiture raised until fusion occurs aifU breaks' tho 

circuit; 2 or 

3. The metal wire forms part of a circuit and is heated up in a porcelain 

tube together with the bulb of an air thermometer, the temperature 
being noted when fusion breaks the electric circuit. 3 


TH^ 1 MELTING-POINTS OF THE ELEMENTS. 


Substance. * 

. * 

Molting-Point. 

* Authority and Reference. 

* 

Helium . 

t 

° 0 . 

below -270 

Onnes, Proc K. Acad* IFetensch. Amsterdam, 

'4k 

* h 

1909, 12 , 175.*. # 

Hydrogen .* *. 

' -258*9' 

Travers, Sen ter, and Jaquorod, PJiik Trans., 
1903, A, 200 , 170. 

Neort 

- 253» 

Fluorine . 

- 223 

Moissan and Dewar, Compt. rend., 1903, 136 , 641. 

Oxygen . . 00 . 

-218*4 

Onnes and Cibnnnelin, Proc. K. A had lTetensch. 


Amsterdam , 1911, 14 , 163. 


- 219 

Dewar, Proc. Pay. Poc., 1911, A, 85 , 589. 

Nitrogen 

-210 ’5 

K. T. Fischer and Alt, /inn. Physitc, 1903, [iv.], 9 , 

• 

4 1149; Sitzunysber. A had. Mxindicn, 1902, p. 209. 
Olszewski, Phil. Trans., 1895, A, 186 , 253.-%, 

Argon 

-189*6 

Krypton . 

• 169 

Ramsay and Travers, Trans., 1901, 197 , 87. 

Xenon . 

* -140 # 

Ramsay and Tflflvers, loc. citf. 

Chlorine. «* . 

-102 

Olszewski, Momtsh.f 1884, 5 ,127. * 

Niton 

- 71 

Gray and Ramsay, Trans. Chem. Soc., 1909, 95 , 

* 

< 

1073 . 

Morcury. 

- 38*85 

Vicentini and Omodei, Atti. Acc. Torino, 4887, 23 , 

Bromine. • « ■ 

- 7*3 

Van del Plaats, Pec. Trav. Chim., 1886, 5 , 347. 

4 , e 

.. 

... . ___ t ___ 


1 Holborn tfiid Day, Ann. Physih , 1900, [iv,], 2 , 505. 

1 HolborntinU Day, loc.'cit. t 

* Jaquerod and Perrot, Arch. Sci. phys. nat., 1905, (jiv.], 20 , 28, 128, 506 ; for other 
processes see references given in table to H. von Wartenberg, and G. K. Burgess. 
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‘THE MELTING-POINTS Of THE El-EMENTS —continued. 


, , ■ 

• 

— - • —- ♦-———■— 

• • 

Substance. 

. ..„. 

Melting-Point. 

Authority and Reference. # 

Cipsium . 

28-25 

• * 

Rengade, HuW. S'or. chnn., 1909, (iv.), 5 , 994. 

Gallium . 

30'lfi* 

Lecoq do Boi 1 -!),nidi.in, Comp/, rend., 1870, 83 , 611. 

Rubidium 

38-5 

Kidmaim and Kotliner, Aitnufen, 1897, 294 , 66 . 

Phosphorus . 

44‘1 

Ifulett, Zeitsch. physical. Chcm., 1899, 28 , t* 66 . 

Potassium 

62'5 

• 

Kninakow ^nd Pusehin, Zeitsch. anorg. Chem,, 
1902, 30 , 109. 

Sodium . 

97-5 

Kurnukow and Pusehin, he. at * • 

Iodine . . .« 

^ 114 

• 

Lean an<l Whatmdugh, Trow Chcm. Hoc., 1898, 
73, 156. 

Sulphur (rhombic) . 

112-8 

Smith and Carson, Zeitsch. nhysilcal. Chem., 1911, 
77,661. * 

,, (monoclinic) 

119-25 

Smith and Holmes, Her., 1902, 35 , 2992. 

Indium . 

155 

A. Tluel, Ilrr* 1904, 37 , 17:-. 

Lithium . 

186 

lvahlbaum, Zeitsch. anorg. Chcm., 1900, 23 , 220. 

Selenium 

w # ... . 

217 

Saunders, J. Physical Chcm., I960, a, 423. 

231 0 1 

Waidner and Burgess, Bureau tit,and., Washington, 
1910, 6 , 149 ; 1910, 7 , No. It 

Bismuth. 

• 

268 

Heycock and Neville, Trans. Chnn. Hoc., 1894, 
65, 65. # 

Thallium 

301 

Kumakow and Pusehin, Zeitsch. anorg. Chcm., 
1902, 30 , 86 . 

Cadmium 

3210 1 

Waidner and Burgess, loc. cit. , 

Lead . . m 

326-9 

Hoi bom and Day, Ann I’/msik, 1900, (iv.), 2 , 
505. 

Zinc 

419-4 1 

Waidner and Burgess, loc. nt. 

Tellurium 

460 

Mat they m Proc. Roy. Hoc., 1901, 68 , 161. 

Hirseli, J. hid. Bug. Chnn., fill, 3 , 880. 

Cerium . 

635 

Antimony 

620 2 1 

Day and Sosman, Amcr. J. Ha., 1910, [iv.], 29 , 93, 

Magnesium 

649 

Vogel, Zeitsch. anorr,.*C/vm., 1909, 63 , 169. 

Aluminium 

658-0 

Day itiffl Sosman, toe. cit. • 

Calcium 4 

800 

Moissan ;yid f'havannepCom/^ raid., 1905, 140 , 

122 • • . 

Strontium 

approx. 800 

Guntzand Roederer, CompfPrrnd., 1906, 14 ^, 400. 

Lanthanum 

* 810 

Mnthmaiui and Weiss, Aniunai, 1904, 331 , 1. 

Arsenic (grey) 

• 817°-g50° 
(under pressure) 

Jolibois, Com.pt. reiifj., 14*11, 152 , 170T; 1914, 
158 , 181 , (Juubau, ih'd ., 1914# 158 , ml. # 
Mutlimann and Weiss, Anruucn, 1904, 331 , 1. 

Neodymium . 

840 

Barium . 

850 

Gunt/, Ann. Chim. Phys., 1905, [viii.], 4 , W. 

Germanium 

approx. 900 

Winkler, J. prajd. Chan., 1886, [ 11 .], 34 , 177. 

Praseodymium 

940 • 

Mutlimann and Weiss, he. cd%. 

Silver 

960 0 1 

Day and Sosman, loc. cit. 

Gold 

1062-4 1 

„ „ * • 

Copper . 

1082-6' 

Bn rgess#and \Jfaltenberg, J. Washington Acad. 
Sri., 1913, 3 , 371 ; Zeitsch. anorg. Chem.', 1913, 
88 , 361. 

Mangauese * 

% 

* 1260 

Glucinum 

12804 

appyox 5300 
approx. 1360 

I’lchter and Jablczynskijt/fer., 1913, 46 , 1604. 

* Zirconium 

Samarium 

• . 

Silicon 

• 

1434 

McndenhaiJ and Ingeisoll, Phys. Preview, 190/, 
25 . 1 • 

Nickel . . 

1452 3 1 

Day and Sosman, loc. at. 

Kttlmus and Harper, Can<v%m Department of 
Miles, l«jpoit309, 1914. • * 

* H. C. H. Carpenter, J.Jron Steel+Inst., 1908, iil. 
290. Burge 8 %and*Waltfhbei$;, koc. cit. 

i Cobalt . 

1478 ±1*1 

Iron 

1605 


Temperature on th* constant volume nitrogen thermometer scale. 
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, Substance. 

Melting-Poiut. 

* i) *• 

Authority and Reference. 

Chromium . . 

1520 ' 

Burgess and Waltenbcrg, loc. cit. 

Palladium 

1549*2 1 

Day and Sosman, loc. cit. 

Vanadium . . 

1720 

Burgess and YValtenberg, loc. cit. 

Thorium. 

greater 

von War ten berg, Zeitsch. Elektrochcm,, 1909, 15 , 

Platinum . 

than 1700f 
1755 

866 . 

Day, Tram. Faraday*Soc ., 1911,, 7 , 136. 

'Titanium 

1795 

Burgess and Waltenbcrg, loc. cit. 

Ruthenium . 

approx. 1900 

Myhusaud Dietz, Ber.,jt% 98, 31 , 3187. Moissan, 

Rhodium 

1907 

Compt. rrnd., 1006, 142 , 189. 

Mendenhall and Ingersoll, loc. cit. 

Colurabium 

1950 

von Bolton, Zcitsch. Elektrockem., 1907, 13 , 145. 

Osmium . 

2200-2500 

Mfassan, Compt. rend., 1906, 142 , 189. 

Iridium . 

2290 

Mendenhall and Ingersoll, loc. cit. 

Boron 

Volatilises at 

Weintraub, Chem. News, 1911, 104 , 157 ; Tiedo 

Molybdenum . c . 

temp, of electric; 
arc. 2000-2500 
2450 + 30 

and Birnbrauer, Zeitsch. anorg. Chem., 1914* 
87,129. 

Piraniand Meyer, Ber. physik. Ges., 1912,‘. 4 , 426. 

Tantalum 

2910 

Waidner aud Burgess, J. dephysique, 1907, [iv.] f 

Tungston 

* 

3540 ±30 

6 , 830. Piraniand Meyer, Be f*. physik. Ges., 
1911, 13 , 540. 

Langmuir, Phys. Review, 1915, [ii], 6 , 138. See 
also Waidner and Burgess, loc. cit.; Piraniand 
Meyer, Ber. physik. <7?&,«1912, 14 , 428. 

Violle, Compt. rend., 1892, 115 , 1273; 1895, 

Carbon . 

Volatilises 


about 3500 

120 , 868 . 


Vapour Pressure of Solids. Volatilisation and Sublimation. - 

All solid substances ^iv r o off vapour, and exert a distinct vapour tension at a 
fixed temperature. The odour which certain solid substances emit is proof ol 
the existorce of a vapour prcssurd. In certain cases, for example those of the 
metal?, metallic prides, and salts, the vapour pressure must be exceedingly 
small at ordinary temperature, but the fact that many metals have been 
sublimed under low ‘pressures at temperatures fat belo\v*their melting-points'- 
affortls evidence 'Of tHe existence of a perceptible vapour pressure even at 
ordinary temperatures. Zenghelis 3 lias found that a piece of silver foil 
exposed for some months at the ordinary temperature in a closed vessel 
“containing a m 6 tal, or one of its oxides or sdlts, becomes amalgamated with 
tho metal urese.it in the substance employed. 

A solid substance which passes off as vapour without liquefaction is said 
to volatiliso. By cooling the vapours so obtained, condensation to the solid 
, state is again obtained ; the wholo process of volatilising and condensatifn is 
known as sublimation. Thus certain /unmonjum ‘ salts, e.g. the chloride, 
arsenious ojfide, and iodine (if* heated in a wi$e vgssel), pass off wholly as 
r vapour when heated at atmospheric pressure, and may be purified by the 
process of Sublimation. Tho explanation of this phenomenon lies in the facf 
that tho molting- and boiling-points lie close together. Increase of pressure 
r which raises the'-boiling-point considerably, but has little effect on the melting- 

* * _____<_ ± __ __r_ 

i 1 Temperature on the ^opstant volume nitrogen thermometer scale. 

. 8 pemar^fy, Conipt, rend., 1C82, 95 , 183; Krafft, Ber., 1903, 36, 169^• *>**> 

.Krafft. add Bergfeld, ibid., 1905; 38 , 254. 

' • Zcngholis, ZeUsch. physikal, them., 1905, 50 , 219; 1900, 57 , 90. 
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point, *wilf increase the range of temperature between the fusion and boiling-' 
points and bring about liquefactipn. * t / a 

The vapour tensions ofanany solids nifty be determined froni the logs of 
weight which the substances sustain when a known volume of air or other 
gasiB passed over their surfaces. 1 If the vapour tensions are*ipprociablo, as 
in the case of ice, it may be measured by £ie static method used for liquid 
substances (see p. 35). * 

The vapour tension curve of a solid substance is of the type shojvn in 
fig. 6, the upper limit being the melting-point (or rather, the triple-point). 
It does not coincide ©with the curve for the supercooled liquid, but cuts 
it at a small aligle, as was demonstrated on theoretical ^rounds lft .1. Thomson 2 
and Kirchhoff, 3 4 mm^ experimentally 
by Ramsay and Young/ A super¬ 
cooled liquid has a greater vapour 
tension than the solid at the same 
temperature. 

CRYSTALLOGRAPHY. 

^Introduction. — Substances 
which are ordinarily classed as solids 
may be divided into two groups: 
those in which the physical pro¬ 
perties are the $atne in all directions; 
and those in which certain properties, 
such, for example, as expansion, ther¬ 
mal conduction, and various optical 
properties, have different values in 
different directions. Substances be¬ 
longing to the first group are said 

to be amorphous, those belonging to the second gyoup crystalline. , Th< 
is considerable evidence for the view that amorphous sffbfetauccs ar© rea 
supercooled liquids,.' 5 * in which ease every true solid is crystalline, 
crystalline substance may bt? .defined as one in wjiicli obrtain physical propert 
differ in*diTferent directions radiating from any point within it. This dofi 
tion includes the various liquid crystals that have been studied by Lohma 
and others, 7 but the vast majority of crystalline substances are solids, a 
these alone will be considered here. 

When a body passes from the liquid or gaseous state or from solution 
the solid state, in favourable circumstances it assumes a definito geometrii 
shape, and is ft^id to crystallise. A body formed in this way, bounded 
plafte surfaces or faces which intersect in rectilinear edyes and form so, 

1 See, e.y., Baxter, Hickey, and Holmes, J. Amcr. Chew. Sue ., 1907, 29 ,127, ou the vdfy 
tension of iodine. Baxter a^d Grose, ibid., 1915, 37, 10*51. • 

-• 2 J. Thomson, Phil . Mag ., 1874, [iv.]. 47 , 447. 

3 Kirchhoff, Pogg. AnnaUn, 1858, 103 . 206. 

4 .Ramsay and Young, Phil. Trans., 1884, 175 . 37 and 461. -j . 

5 In the preparation of this section wo have been Assisted by Mr J. E. Wynjield Rhoq 

3 j3c. , whom we take this opportunity f >i thanking. , * 

* See, for example, Tammann, Schmelzen und Kristallipiercn (AmbiosiUsdstorth, Leipj 
£*03). 

1 Lehmann, Ftussige Kristallt ( Leipzig, 1904). 
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angjes or coigns where three or more faces intersect at a pome, *8 (jailed a 
crystal. 

It is*found that various direction iy a crystalline substance are equivalent, 
those directions the physical properties are the same; and equivalent 
directions arejound to be arranged in space in a symmetrical manner. The 
symmetry of tfieso arrangements is closely connected with the symmetry 
of the geometrical shapes of crystals, and accordingly tho latter are only the 
outward expression of the internal structures of crystalline substances. The 
discussion of the physical properties of crystals lies beyond the scope of this 
work, but a brief account will bt given of the morphology or form relationships 
o| crystals, a*id of tho connection botween the crystalline form’s and chemical 
compositions of substances. 1 ^ c 

Historical.—Tho scientific study of crystals 1 dates back merely to the 
ebse of the eighteenth century. Among the earlier workers on the subject 
were Caesalpinus (IGOO), who observed that the vitriols, sugar, saltpetre, and 
alum crystallised from solution in characteristic forms, and Jlooke, 2 who 
showed in 16G5how the habits of octahedral crystals of alum could be imitated 
by building piles of sphores. The laws of the constancy of the angles and 
cleavage directions were discovered by Steno 3 and (luglielminif 4 * byt were 
unfortunately not heeded until the invention of the contact goniometer by 
Carangeot in 1780 onabldd them to bo verified experimentally by Romfi de 
l’lsle. 6 The way was thus prepared for the Abbe Rene Just Ifaiiy 0 to show 
how all tho faces of natural crystals are derived from a few simple forms, to 
state the laws of crystal symmetry, and to apply them to„ five of the seven 
now recognised. 

Geometrical Crystallography: Fundamental Laws.—The funda¬ 
mental experimental laws of crystallography are the Law of the Constancy of 
Angles, tho Law of Ration'd Intercepts , and tho Laws of Symmetry. The first 
of these may be stated ih tho following manner: under the same physical condi¬ 
tions the angles between corresponding faces on various crystals of the same sub¬ 
stance arefConstant, no matter luAv much the shapes and appearances of the 
crystals may vary&s a result of unequal development (fi". 7). In other words, 
the sizes of the faces on a crystal are not important, but only their inclinations 
to eaoh^ther. Accordingly, whenevor necessary* it is permissible to suppose 
the ftices of a‘crystal 'to move parallol to their original positions,*■ in older 
that similar faces (see p. 50) may bo equal in size. 

The I jaw of Rational Intercepts may be explained in the following manner: 

* Suppose any thfee edges of a crystal that medt at a point aro taken as axes 


1 For further information the reader 19 referred to the following works: Groth, 
Physikalische Kryslallographte (4th edition, Leipzig, 1905); lutton, Crystallography and 
Practical Crystal Measurement (Macmillan k Co., 1911); Williams, Elements of Crystallo¬ 
graphy (Macmillan & Co., 1892); Lewis, Treatise on Crystallography (Cambridge University 
Press, 1899); Miers, Mimralogy (Macmillan k Co. , 1912); Kaumhfuer, Die neuere Ent- 
, wickelung der fCrystallographie ( Brunswick, 1905); Lubysch, Physikalische Krystallographit 
f (Leipzig, 1891); Arzruni, Physikalische Ghemie der Krystaile (Brunswick, 1893); Fock, 1 
Introduction‘to Chemical Crystallograf/hy, translated by Pipe (Clarendon Press), 1895; 
Groth, Introduction to Chemical Crystallography, translated by Marshall (gurney* k 
Jackson, 1906); Tutton, Crystalline Structure and Chemical Composition (Macmillan k CO,, 

IftlO): and proth, Vhemische Krystallographit, (Leipzig, 3 vols., 1906-10). 

* Hooke, Micrographia, 1665. * * « 

a Steno, Dcsolido intry solidum naturaliter conlento (Florence, 1669). 

* GuglielnvniJ Rifkssiom filoyfiche dedotte dalle figure de ’ sali (Padova, 1706). 

6 Romo de l’lsle, Crystallographk(?o,ns, 1783). 

8 Hatty, Essai (Pune thiorie sur la structure des crystaiix, 1784. 
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of co-erdiflates. Any fate of the crystal will infcerseot one or more ot the 
axes. 1 Choose one of them which intersects the three axes as the standard,* 
# and suppose the intercepts that tliifr plAie cuts oft' from the axes* are a, b, 
and c respectively, measurod from the origin. It is only their ratio wAt 
matters. Now suppose that any other face of the crystal c tS off intercepts 
fc in tho ratios of x : y : z respectively. They •may he expressed in terms of 
a, b, and c as follows:— 


It is found thht fi, k, and l are in the ratios of simple integers, rarely as lar&e 
as six. This law wodllirat observed by Hauy. * 

Symmetry.—It is found that crystals may be symmetrical with respect 
to a point, a line, or a plane. # 

When to each face on a crystal there corresponds a similar parallel face, 
the crystal is said to possess a centre of symmetry, or to exhibit centrosymmetry ,* 
e.g., octahedron (fig. 10), cube (fig. 11). 

If on rotation about an axis, a crystal presents «. 

exactly the *same appearance 3 n times in one revolu¬ 
tion, the axis is said to be one of n-fold symmetry. 

Owihg to the Operation of tho law of rational inter¬ 
cepts (p. 48), the only values of n are two, three, four, 
and six, giving rise to di-, tri-, tetra-, and foxYi-gonal 
axes of symmetry,! and the only angles botween pairs 
of axes of symmetry are 30°, 45°, 60°, and 90°. An 
axis of symmetry is always perpendicular k[ a possible 
crystal face and parallel to a, possible interfacial crystal 
edge. As an example, the diagonals of a cubo have # < 
threefold symmetry. • 

A plane of symmetry is a plane which # div1des a 





fFin. 7. Octahedron un- 
*c<ju.iBy developed. 


crystal info two symmetrical halves, such 'that if the plajie were*a mirror, 
one-half of the crystaj would coincide with the reflected image of thc*bther 
ha}f. It may be necessary to move some of tho faces parallel to themselves 
in order to observe this coincidence, but suoli a procedure «is admissible 
(p. 48). A plane of symmetry is always parallel to a possible crystal face a,nd 
perpendicular to a possible interfacial crystal edge. As an example* the 
diagonals of a regular octahedron, taken two at a time, lie in^three planes of 
symmetry which are mutually at right angles. 

The preceding elements of symmetry may be associated m 3 !• different 
ways ; accordingly, counting as ono class the crystals which possess no 
symmetry whatever, crystals may bo ola&sifieiP according to tho typos of 
symmetry they exhibit into 32 classes. 5 Examples are known, corresponding 
to 31 of theso types (see pp. 5J -54).i 


• • 

1 The face is supposed to be extended, if necessary. # 

E A centre of symmetry is riht a true element of .tymrnetry, and centrosymmetry arise* 
front a combination of reflection and rotation (p. 62). 

3 Bearing in mind that only the inclinations, and not the sixes, of th» faces are of any 
sonsequence. , # * 

* For simple proofs of this and other important propositions, see H. Marshall, 1 *Proc. Roy. 
Soc. Jidin., 1898, 22 , 62. • • 

8 Hessel, 1830; Gadolin, Ada Soc. Scient. Fennine, Helsingfors, 1867, 9 , 1. 

• * The properties of crystalline substances are such as to justify the conclusion that the 
jrystalline structure is a homogeneous one, i.e. ono the paits of which are uniformly 
VOL I.. # 4 
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Korms.—Correapondin^ to any particular faco on a crystal,' there are 
sertain othor faces the presence qf which is required by symmetry; the 
rmmbor depends upon the nature cue tbj face and* on the grade of symmetry, 
axhibited by the crystal. A collection of facet , the pretence of all of which 
it required by Symmetry, provided one of them be present , is called a form. A 
closed form is such that its faces, produced, if necessary, completely enclose a 
space; all other forms are open forms. Fotf example, in a crystal which 
possesses merely a plane of symmetry, the presence of one face necessitates 
the presence of one other, and the two faces constitute an open form. 
Clearly such a crystal must be made up of a combination of forms, each of 
ttto faces. Although the symmetry of a crystal may permit the occurrence 
of closed forms, iths the exception to find a crystal hour Jed by faces belonging 
to only one form ; usually a combination of two or'more forms is encountered. 
Only forms corresponding to the same grade of symmetry are found together 
in combination. 

The faces which constitute a form are said to be similar faces , and in the 
succeeding pages it will, for convenience, be assumed that similar faces are 
equally developed, so that the crystals assume their perfect geometrical 
forms, free frorll all distortion. 


repeated throughout. The problem of determining the number of ways in which a homo¬ 
geneous structure can bo built up from its structural units is equivalent to finding the 
number»of ways of arranging homogeneous point systems in space. This can be done in 
230 different ways, in eacli of which the planes of points within thg system are related to 
each other according to the law of rational intercepts; and the symmetiy of each of these 
systems corresponds to that of one or other of the 32 classes o? crystals (Bravais, 
J. VKcolepolytccfanjque, Paris, 1850, 19 :127 ; 1851, 20 , 102, 197 ; Sohncke, Zeitsch, Kryst. 
Min., 1892, 20 , 445; Fedorow, Trans. Puss. Mineral. Soc., 1885, 1888, and 1890; Zeitsch. 
Kryst. Min., 1893, 21 , 67# ; Schonflies, Krystalsysteme und Krystalstrudur, Leipzig, 1891 ; 
Barlow, Zeitsch. ftryst. Alin., 1894, 23 , 1 : t 1895, 25 , 86 ; Sci. Proc. Roy. Dublin Soc.'', 1897, 
8 , 527 ; Brit. Assoc. Report, 190(, 297 ; Pope, Chem. Soc. Ann. Report, 1908, 5 , 258; 
Hilton, Mathematical Crystallography (Clarendon Press, 1903). 

ThA abstract geqmetric&l study of homogeneous assemblages, as perfected * y Fedorow, 
Schori.lies, and Barlow, undoubtedly leads to the discovery of all the possible arrangements 
of the structural units of crystals; but it does not afford any indication of the nature of 
these uajts, i.e., whether th«y are atoms, molecules, or molecular complexes. The remark¬ 
able'-discovery,' dur to Lane, tMt a thin slice of a crystal acts as a diffraction grating 
towards the X-rays and the discovery, by W. L. Bragg, that the X-rays are strongly 
reflected at crystal faces, have, however, opened up an entirely new field of experimental 
research which will, in the future, vory probably lead to full knowledge both of the nature 
and disposition oi the structural units of a crystal. 

An account qf the discoveries of Laue and Bragg, and of the researches to which they 
have led, & beyond the scope of this book. The following references, howev<jr, may be of 
service to the reader; W. Friedrich, P. Knipping, and M. Laue, Sitzungsber. K. Akad. 
Wiss. MUnc/tcn, 1912, p. 303 ; Ann. Piiysik, 1913, [iv.], 41 , 971 ; Laue and Tank, ibid., 
1918, [iv.j, 41 , 1003; Friedrich, Physikal. Zeitsch., 1913, 14 , 1079; Vvagner, ibid.'-, .1913, 
14 , 1232; Stnrk, ibid., 1913, 13 , 973; G. Wulff, ibid., 191,3, 14 , 217; Mandelstam and 
Rohman, ibid., 1913, 14 , 220; Lairo, ibid., 194:3, 14 , )'075; Ewaldj ibid., 1913, 14 , 465; 
Vi&ulff and Ifspenski, ibid., 1913, 14 , 783 ; Herweg, ibid., 12.13, 14 , 417 ; Debye, Ber. dcUt,< 
physikal. Ocs., 1913, 15 , 857; Hupka, ibid., 1913, 15 , 369; W. L. Bragg, Nature, 1912, 

S >, 410; Proc. Camb. Phil. Soc., 15W3, 17 , 43; W. H. Bragg, Nature, 1912, 90 , 572} 
arkla and Martyn, ibid., 1912, 90 , 435, 647 ; Moseley and Darwin, ibid., 191 90 , 594 ; 

W. II. and W. L+Bmgg, Proc. Roy. Soc., 1912, A, 88 , 428 ; W. H. Bragg, ibid., 19J3, A, 
89 , 246, 2*8; W. H. and \V. L. Bragg n *ibid. t 1913, A, 89 , 277 ; Moseley and Darwin, 
Phil. Mag*, 1913, fvi.], 26 , 210; Barkla and Martyn, Proc. iAmdon thys. Soc., 1913, 25 , 
208; To rail a,’ proc. Tolyo Math. Phys. Soc., 1913, 7 , 60; M. de Broglie, Compt. rend,, 
1918, 156 , IS 53 ; M.‘de Broglie and Lindemann, ibid., 1913, 156 , 1461 ; also the following 
roviewtf: Br.igg, Science Progress, 1913, 7 , 372 ; Barker Ann. Report Chem. Soc., 1918, 

283 ; Kaye, X-Rays (Longmans & Co., 1914). 




P&frf £AE ^^OP*BTiE$ 6F ELEMENTS AND COMPOtmttS. 

Crystellographic Notation.—In order to express briefly the vaIqus 
crystal forms, a symbolic method is Employed, /cased upon the principles of, 
coordinate geometry. A point within tHe crystal is taken As'the’origin, of 
co-ordinates, and three crystallographic axes of co ordinates chosen, parallel 
to three crystal edges not lying in the same plane or parallels one another. 
Taken two by two, these axes lie in three axial planes , dividing space into 
eight octants. Whenever possible, axes of symmetry are for simplicity 
chosen as co-ordinate axes, sinco they are always parallel to possible orystal 
edges; preferably, the axes of more than twofold symmetry are selected. 

A face that lies in khe octant XOYZ (fig* 8 ), and cuts each of the axes, is 
chosen as the fundamental face or parametral plane , and thff ratios of its 
intercepts on the are taken as the ratios of • 

the units of length, in tertns of which measure- I z 

raents along the three axes are expressed. j , • 

Hence, in general, measurements are mado in I 

three different scales, one for each axis. Thi l /X' 

fixes are conventionally drawn, as shown in fig. 8 , 
and the intercepts or parameters a , b, and c of 
the fiqj,dan»ental face are always referred to in a 
standard order: firstly, a on the front to back 
axis ; secondly, b on the left to right axis; and 
thirdly, c on the vertical axis. The ratios of 
the parameters or axial ratios a :b :c, together 
with the angles # YOZ = a, ZOX = /?, XOY = y, 
constitute the crystallographic constants of a 
crystal. The value of b is generally put equal 
to unity. • 

Irom what has been already stated (p. 49), it is s<jpn that the intercept! 
x, y, and z of any other face of a crystal are relfted to Jhe axial ratioi 
a : b : c as follows:— • 



i z! 

Kl(i. 8.—Crystallographic axes. 




x\y \i 


a X c 
h k l 


where h, k, and l ar8 in th# ratios of simple iqtegeft. "The face is therefore 
given thef symbol (hkl ), and h, k , l (expressed in their lowest! terms) are called 
the indices of the face. 1 It will be noticed that they are inversely propor¬ 
tional to the intercepts of the face. As an example, the symbol (112) means, 
that the crystal face cuts off mtereepts on the axes tho lengths of which 
are in the ratios of ^ | i.e. 2:2:1, tho scales <Jf m<*surement 

along the axes being in the ratios of a : b : c ; hence the absolute lengths 
of the intercepts are in the ratios of 2<f.2b:f. Whenever zero occurs as 
au i*5ex, it means that the corresponding intercept is infinitely great, i.e. that 
the plane is parallel to tRe ajus. 

To indicate that inte^epfi are measured along OX', OY', OZ*(fig. 8) fche 
corresponding indices are written with minus signs above them. # When the 
symbol of a face is enclosed in brackets, *e.g. {hkl), it stands for all the 
faces belonging to the form of which [hkl) is one face. Usually the symbols 
for the various faces of a form only d^fer jn the order oAaking the aatne 
indiees and in*the signs attached to them, e.g., the eight faces of the 

( ;-—— - : - - ——*— 

im *? x system of notation, now almost universally employed, is due to killer 
(Miller, Treatise on Crystallography (Cambridge University Press, 1839)). 
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octahedron (p. 57) are ( 111 ), (lTl), (Ill), (III),<(111), (111), fill*), and 
>(III). t , t , , 

Crystal forms are named as follows* pyramids { hkl ), each face of which, 
outs”all three axes; prisms {AW}, each face of which cuts the lateral axes 
and is parallel to the vertical axis; domes { kOl } or { OU }, each face of which 
cuts the vertical and one lateral axis, but is parallel to the other; and 
pinacoids {A00}, {OK)}, or {00/], in which eftch face cuts one axis and is 
parallel to the other two. The symbol for the fundamental (pyramid) face 
is obviously ( 111 ). 

Crystallographic Classes.—It has been already mentioned (p. 49) 
thht, according to tho elements of symmetry they possess, crystals may be 
classified into 32 tlasses. These classes are as followed—< 

TRICLINrC SYSTEM. 

1. Asymmetric. — No elements of symmotry. The faces are simply 
arranged in accordance with the law of indices; e.g. calcium thiosulphate, 
CaS 2 0 s .6H,0. 

2. Holohedrhl. — A centre of symmetry only 1 ; e.g. copp* sti'phate, 

CuS0 4 .5H 2 0. 

MONOCLINIC SYSTEM. 

3. Bonuil.—K piano of symmetry only; e.g. potassium tetrathionate, 

K ,S 4 O e . r .. 

4. Sphenoidal .—One digonal axis of symmetry only; e.g. tartaric acid. 

6 . Holohedral .—One digonal qxis, perpendicular to a piano of symmetry; 
e.g. potassium magnesium sulphate, K 2 S0 4 ,MgS0 4 .611,0. 

V 

ORTHOItrfoMBIO SYSTEM. 

6 . Bisf>lienoida\, —• Three mutually perpendicular digonal* axes of 

symmetry; e.g. magnesium sulphate, Mg30 4 .7H 2 0. , 

7. Pyramidal. — One digonal axis and 2 mutually perpondicular 
planps <5f symmetry parallel .to it; e.g. magndSium ammonium phosphate 
Mg(NH 4 )P0.,6H;0. 

8. ' Holohedral .—Throe mutually perpendicular digonal axes, and 3 planes 
t of symmetry, efpdi of which contains two of tjie digonal axes; e.g. potassium 

sulphate, K s S0^. 

TETRAGONAL SYSTEM. 

9. Pyramidal .—One foul’fold axis of symmetry; e.g. IdRd molybdate, 
PbMo0 4 . 

10. B is /1 he no id a /'—One foiwfold axis und a plane of compound symmetry 
peipendiculhr to it (i.e. a centre of symmetry) ;*«.y. «2Ca0.Al 2 0 s .Si0 2 . 

11. Trapezohedral .—One fourfold axis and 4 twofold axes perpendicular 

to the first-named and separated by 45” from one another; e.g. strychnine 
sulphate. „ t 

12. Bipyramidal .—One foiyfold, axis and a plane of symmetry perpen¬ 
dicular to'it; e.g. calcium tungstate, Ca\V0 4 . 

1 I.e'. symmetry that results from reflection in a plane (plane of compound symmetry! 
and subsequent rotation through 180*. 
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13. Ditetragonal bifg/ramidal.— One fourfold axis in which intersect 1 -. 
planes of symmetry, separated from «nn another by 45°; e.g. iodosucoinimide. 4 

14. Scalenokedral .—One fourfoldvuutand a° plane of compound symmetry 
perpendicular to it; 2 mutually rectangular twofold axes in the latter plane 
ind 2 symmetry planes intersecting in the fourfold axis and bisecting the 
ingles between the twofold axes ;• e.g. potassium dihydrogen phosphate, 

K H 2 P0 4 . 

15. Holohedral. —The 5 axes of (11), the 4 symmetry planes of (13), and 
the 1 plane of (12); e.g. zircon, ZrSi0 4 . 

trigonal system. 

• 3 * 

16. Pyramidal. — Otie threefold axis only; e.g. sodium periodate, 

NaI0 4 .3H,0. 1 . 

17. Rhombohedral. —One threefold axis and a “centre of symmetry % 

e.g. dioptase, CuH 2 Si0 4 . • 

18. Trapezohedral. —One threefold axis and 3 twofold axes perpendicular 
to it and separated from one another by 60°; e.g. quartz, Si0 2 . 

Bipyramidal. —One threefold axis and a plane of symmetry perpen¬ 
dicular to it; no example known. 

-20. Ditrigonal pyramidal.— One threefold atis in which intersect 3 
symmetry planes separated from one another by 60°; e.g. tourmaline. 

21. Ditrigonal scaleruihedral.—A s in 20, hut, in addition, 3 tAvofoljl axes in 
a plane perpendicular to the threefold axos, these axes bisecting the angles 
between the symmetry planes ; e.g. calcitc, CaC0 3 . 

22, Holohedral —As in 21, but, in addition, a plane of symmetry perpen- 
dicular to the threefold axis ; e.g. benitoit#, BaTiSi. O 


HEXACiONAI# SYSTEM. 

23. J/yramulal. — One sixfold axis # only; e.g. strontium i anjimonyl 
tart.rato. 

24. Trapezohedrdt. —One sixfold axis and 6 twofold axes in a plane at 

right angles to the* first, the latter axes beiirg separated from omn another 
by 30 ;* eel. the double salt formed by barium antimtmyl tartratS and 
potassium nitrate. * , 

25. Bipyramidal. —One sixfold axis and a plane of symmetry perpen¬ 
dicular to it; e.g. apatite, Ca 5 F(K) 4 ) ;! . * 

26. Dihexagonal pyramidal. — One sixfold axis in winch gitcrsect 6 
symmetry planes separated from one another by 30"; e.g. cadmium 
sulphide, CdS, 

Holohedral. —One sixfold axis; 6 symmetry planes as in (26); 1 
symmetry plane as in (95); g.nd 6 twofold axes as in ^24), the latter being 
the intersections *of the six •pymmetry plants with the seventy symmfetry 
plane ( t.e . the one perpendicular to the sixfold axis); e.g. beryl. 6 

CUI1JP SYSTEM. 

28. Tetrahedral pentagonal dqlecaflkdrdt. —Three mutually Ecctangulor- 
twofold axes parallel to the edges of, and 4 threefold ^ces parallel to the 
diagonals of a cube; e.g. barium nitrate, Ba(N0 3 ]f 2 . 

29. Pentagonal-icositetrahedral. — Three mutually rectangular fourfold. 
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axes," parallel to the edges of, and 4 threefold axes parallel to the'didfconals 
of, a cube. Also 6 twofold'gxes perpendicular to the faces of the rhombid 
dodecahedron (see p. 57); e.g . cuprfte, @u 2 0. 

80. Dyakis-dodecahedral. —Axes as in (28); and 3 planes of symmetry, 
each perpendicular to a twofold axis; e.g. iron pyrites, FeS 2 . 

31. Hexakis-tetrahedral .—Axes as ift (28), and 6 planes of symmetry 
which may be regarded as bisecting the angles'oetween the planes mentioned 
in (3Q); e.g. tetrahedrite, Cu 8 SbS„. 

32. Holohedral. —Axes as in (29), 3 symmetry planes as in (30), and 

6 more as in ,(31); e.g. fluorspar, CaF 2 . «• 

« In addition to those given in the precoding tabular outline, numerous 
other class-names'Ure in use, the meanings of which w";ll'be apparent from 
the following definitions:— f 

' A di-m-gonal axis is one that is the intersection of n planes of symmetry. 

Holoaxial symmetry is present when an n-gonal axis is associated with 
digonal axos perpendicular to it but with no planes of symmetry. 

Equatorial symmetry is produced when an n-gonal axis is perpendicular 
to a plane of symmetry (equatorial plane). 

Polar symmetry is produced when an n-gonal axis is perpendicular to no 
plane and no axis of even symmetry. 1 

Alternating symmetry" is that which arises by reflection across an equa¬ 
torial “plane of compound symmetry” (p. 52), followed by rotation about 
the axis,perpendicular to that plane. 

Crystallographic Systems and Axes.—The preceding 32 classes 
are for convenience grouped into 7 systems, as indicated above, according 
to the nature of the crystallographic axes to which they are referred and 
the parameters tfi the fundamental pyramidal faces. It has been stated 
(p. 51) that the crystallographic axes must be chosen parallel to crystal 
edges, and that Ahey are usually chosen parallel to axes of symmetry. The 
manner in which this done will qow be explained. 

1. Triclhnic system There being no axes of symmetry, the crystallo¬ 
graphic axes aro chosen parallel to three crystal edges. , From the symmetry 
of the system, no axial angle can equal 90°, and no tvro intercepts of any 
face can "be equal. liende a triclinic crystal is i&iid to be referred to three 
oblique and unequal axes, and in describing such a crystal the angles a, ft, 
and y must be stated and also values of a and c of the axial ratios a : 1 : c. 
One axis is arbitrarily chosen as vertical axis., It usually corresponds to a 
direction in which the crystal is well developed. Of the other two axes, the 
longer or 1 lacro-axis is placed from left to right, and the shorter or brachy- 
axis from front to back. 

2. Monoclinic system. —In* the holohedral class (class 5-V the axis of 

aymfnetry is taken as the left to right crystallographic axis or ortho- ails: 
for the vertical axis aitd front tq back or clino-&\)B two directions in the plan* 
of symmetry, aro selected that are parallel to crystal edges. A simila: 
arrangement of axes is clearly possible for class 3 fp. 52), since the plan* 
of Symmetry is perpendicular lo a possible crystal edge, and also fa; 
olass 4 (p. 52), since the digonal axg* is perpendicular to a possible 
aryatal face. { , • 


1 The arraLgement^of faces around oue end of a polar axis is independent of fchi 
HTangement about the other end, and a crystal with a polaj axis is said to be hemimorphous 
crystals exhibit the phenomenon of pyroelectricity ; e.g. tourmaline. 
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Eroa^tHe symmetry of each class in this system it follow# tftat no o^bww 
face can have two equftl intercepts^ on the axes. Hence, in desofiltn^^^ 
monoclinio crystal the values o$ a and,jin the axial ratios a ; 1 :c mu*$ b«* 
stated and also the magnftudo of tfle angle (3. Obviously both a and y or#, 
equal to 90*. Monoclinic crystals are therefore said to be referred to"jArftf' 
unequal axes, two of which are perpendicular to the third hut ytt at light antgltk 
to each other. % 

3. Orthorhombic system.—In the holohedral class (class 8) the throft 
digonal axes are chosen as crystallographic axes. The same choice is 
made in class 6 (p. 52). In class 7 the jjigonal axis forms one crystallo;' 
graphic axis, and the intersections of the symmetry planes with a plan#' 
perpendicular to the digonal axis form the other two, since tftey are parallel * 
to possible crysfal'edggs (p. 49). Thus in each cas£ the three axes of 
reference are mutually perpendicular; but in no caso is it possible for any 
crystal face to have two equal intercepts. Hence in specifying an orthorhofhbic 
crystal it is necessary to state the values of a (yid b in the axial ratios a : 1 : 6 
and such a crystal is said to be referred to three mutually perpendicular but 
unequal axes. The vertical, macro-, and brachy- axes are chosen as described 
for monoqjinic crystals. 

4? Tetragonal system. —Each class in this system is characterised by ft 
fourfold axi$ of symmetry, which is chosen for the vertical crystallographic 
axis. The other two axes of reference are chosen perpendicular to the 
vertical axis and to one another. 1 ■, / 

In classes 11, 14, and 15 (pp. 52 and 53) those lateral axes are chosen 
parallel to diad»a\es of symmetry. In each class of this system a crystal face 
cutting off equal intercepts on the lateral axes is possible, but a lateral 
intercept can never equal a vertical intercept. Hence, the axial ratios a : 1 : c \ 
become 1 : 1 : c, and it is only necessary to state the* value of c when 
describing a tetragonal crystal. A tetragonal cry^il is therefore referred 
to three mutually perpendicular axes, t*no oj u'hich aif equwf to one another 
but not^o the third. « • 

5. Trigonal system.— Each class in this system* is characterised .by a tri¬ 
gonal axis of symmetry. The best method of choosing the crystalligraphic 
axes (Miller’s metlaod) is one in which axes of symmetry are not employed,' 
but, ins$e$d, three axes are chosen, symmetrically arranged about tub trigonal* 
axis, parallel to three possible crystal edges and not lying in one plane. It 
is possible, however, to choose the axes of reference as in the castf of the. 
hexagonal system, and sinoe this method (tho EravaiS|^Iiller system) jp 
perhaps the simpler to follow, the former will not be discussed here.. 

6. Hexagonal system— Each of the five classes included in*this system 
is characterised by an-axis of sixfold symmetry, which is chosen as the vertical* 
crystallographic axis. Instead, however, of Choosing two more axes of Mb 
ference, three more a ^3 selectod, arranged symmetrically about the vertical, 
ax is in a plane ^>erpendiciflar to* i t. Thoift positive (directions are reg&ra&d 
as being separated b^ 12<r, as shown in fig. 9. 2 Ihe sy»njN)l of 
therefore, contains four indices, which c^pnot, however, be all, independent 
• 


1 These reprSsent directions parallel to possibleCcrystal edges (see p. 19). 

2 A little consideration of the propositions on p. 49 and nature of a hexagonal jixu, 
will suffice to show that such axes may be selected in deformity ftith flic acquirement that 
they shall be parallel to pouiblg crystal edges. 
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of one anotSer, In fact, any lateral index catTbe calculated frdln the othet 
two lateral indices, since, the sum of tho lateral indices is zero. * 1 % four 
„ indices are always cited in th '9 order f, jl, z, w of fig. 9. 

' The simplest pyramidal face in‘an/class belonging to this systom inter¬ 
cept® a on the x axis, is parallel to tho y axis, intercepts a on the t axis 
and c on the »pxis. Hence .its symbol is (1011). Each of the other faces 
of this form likewise cuts off intercepts numerically equal to a on the lateral 
axes and c on the vortical axis, c never being eq’nal to a. Hexagonal crystals 
are therefore said to be referred to three equal lateral axes inclined to one 
another at 120°, and a vertical axis , perpendicular hut not equal to the lateral 
axes. The ratio c/a is called the axial ratio, and must* be given when describ¬ 
ing a hexagorfhl crystal. 

7. Cubic system. —Each of the five classes belpngiit"^ ’to this system is 
characterised by four trigonal axes of symmetry parallel to the diagonals 
of 'a cube, the three mutually rectangular edges of which are taken as the 
directions of the crystallographic axes. In 
tv classes 28, 30, 31 (pp. 53-54) the crystallo- 

1 graphic axes are axes of twofold sym¬ 

metry ; in classes 29 and 32 they are axes 
of fourfold symmetry. In each claSs, the 
plane which cute off equal intercepts on 
all three axes of reference is a possible 
crystal face. Hence cubic crystals are said 
to be referred to three equal and mutually 
rectangular axes. The axial ratios a : 1 : c, 
then, are always equal to 1 : 1 : 1 , and so 
neod not be mentioned . 1 

Hemihedrism. Enantiomorphous 
Forms.— In order to describe a crystal 
completely it is necessary to state not 
o ( nly its class, the system to which it 
j .and the axial ratios when necessary, but also to state the various 
forms dp. 60) present. An account should therefore bo given of the 
forms belonging to each crystal class; it is, however,, beyond the scope 
of this bOok. .It will be“noticed that in eacli system the class exhibiting 
the highest grade of symmetry has boen called the holohedral class. In the 
following seven sections the holohedral forms will be described, and in 
addition a few forms belonging to classes of lower symmetry will be included. 
A few general remarks upon the classes of lower symmetry may, however, 
be made at *his point. 

, In the first place, certain forms belonging to classes of lower symmetry 
are geometrically indistinguishable "from the holohedral forms, although 


y --- 
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Fig. 9.—Hexagonal cryrffHlo- 
graphir- axes. 4 


c- , , ' 

1 It will be noticed that with substances that crystallised tha systems of lower symmetry 
cohe ohoice of crystallographic axes is to a certain extent arbitrary. The “setting” of t 
crystal is said‘to have been effected inedifferont ways when tfW observers have chosej 
different sets of axes in describing it. It has, however, been pointed out by Fedorew that, 
from the points of view of crystal structure and </iemical crystallography, there can onlj 
be one correct setting for any crystal—naively, that in which tho parametral, ratios ar< 
measures of t)ie dimensions of tne “^pace-lattice” framework upon tfnich it is built. 
Further, Fedorow has showji how the correct setting may be deduced (Fedorow, Ztilsch. 
Kryst Min., 1904/38, Ml ; 1909^46, 245 ; 1911, 48, 400; 3okolow and Artemiew, ibid tl 
1911, 48, 377 ; Barker, Ann. Report Chem. Soc., 1913, IO, £38). 
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crystal Jjgr^jbically they must bo regarded as different. 1 Otners may 0& 
conveniently regarded as derived fron* holohedra? forms by the symmetrical 
disappearance of one half of the* facts, *dbd, in # accordance with tliiB old- 
fhsbioned method of deriving them, are called hemihedral forms. A holohedVal 
form gives rise in this way to two hemihedral forms, termed positive and 
negative respectively; and they must bo regarded as two distinct forms, 
Wthough when their method of •derivation is lost sight of the two forms may 
be geometrically indistinguishable. 2 3 * * * * 8 In certain cases, however, the + and - 
forms are not geometrically identical, but are enantiomorphous, i.e. one is 
the mirror-image of theiother. Such forms lire known as enantiomorphous 
forms , and the crystals which exhibit them arc often optically active.* • 
In addition to lynched ntl forms, there are also tetartoMral and ogdo- 
hedral forms, derived by tht suppression of three-fourths and seven-eighths 
of the faces of holohcdral forms respectively. * 

Cubic System ( Regular , Isometric or Tesseral).—Holohedral class (32 on 
p. 54). There are 7 simple forms, all closed (figs. 10 to 17 respectively); 
forms i., ii., and iii. arc fixed forms, iv. to vii. are variable forms:— 

(i.) The octahedron , (111), composed of 8 pyramid faces; e.g. spinel, 
MgO.AU>,, arsenious oxide, As 4 0,.. • 

(ii.) The cube, (001), composed of 6 pinacoid faces; e.g. sodium chloride, 
NaCl, fluorspar,*CaF 2 . • 

(iii.) The rhombic dodecahedron , (110), composed of 12 prism faces; e.g. 
garnet, R IL 8 .R m - 2 (Si0 4 ) 3 . 

(iv.) The tetrakis-hexahedron , (M0), or four-faced cube, with 24 prism 
faces; e.g. copper (2*10), and fluorspar as (310) in combination with (001). 

(v.) The triakis-octahedron , {hhk\, where h is greater than k ; 24 pyramid 
faces. 

(vi.) The icodtetmhedron or tmpaohedron , [hkk], where h is greater than 
k; 24 pyramid faces; e.g. leucite, KAbSi/^, as {211},^inA gai*iet as {211} 
alone or in combination with {110} as shown in fig. 16. m 

(vii.) The hexakis-ociahedron , {hkl), wit,I* 48 pynynid faces. ^Usually 
noticed in combination with other forms; e.g. garnet oftenVsxhibits {3^1} 
and fluorspar {421}. 



1 E.g. the cube is one form in each of tlio classes belonging to I lie cubic system ; but, 
crystallographically, 5 cubes, differing in symmetry, must be recognised. Thus a cube of 
pyrites is of a lower degree of symmetry than a cube of rock salt. SuMi differences of ■ 
symmetry may at times be readily detected by examining the action of solvents upon«$he 
crystal faces. Etched figures are pioduced in this manner as definitely shajiod defiessitfns, 
their configuration being in accordance with the class symmetiy of the crystal Crystals of 
naturally occurring jninerals sometimes exhibit on rfheir faros similar natural maikings, 
whioh indicate that the internal symmetry is not as high as the outward geometrical 

symmetry would at first sight suggest; e.g. pyutes. 

3 E.g, the + and - tetrahesha (p. 59). *They may J>e distinguished when combined 

with other forms. Whert*cornbined together, they arc geometrically indistinguisliable from, 

an octahedron. Such a crystal, turnover, usually has one set of tetrahedral faces developed 

more than the other, and the that the two eots of faces differ in physical pretyorties is 

often suggested by their appearance; e.g. zinc blende. 

8 It is cotnmonly supposed that this optiail activity, when limited loathe crystalline 
state (e.g. quartz), arises from an enantiomoiplious spiral grouping of the moleculas in the • 
crystal edifice ; but thft in the case of a substance ftlncJPis optically active in the liquid or 
gaseous state (or in solution) the enaiitiomorphism is that of the aton*s within the chemical 
molecule. 
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'* Class 31 (p. 54) or the tetrahedrite elate.—' The mrino belonging to this' 
class may bo derived b/,hemihedri%m from the holohedral forms. The 



Fig. 10.—Octahedron. 



Fig. 11.— Cubo. Fig. 12.— Rhombic dodecahedron 



Fig. 16.—Garnet. 


e • I 

Fig. 17.—Hexakis-octaftedron, 


geometrically new forms are \figs. 18 to 22 respectively): <i.) the tetrahedron 
{111}; (it.) t ]>e‘triakis tetrahedron, {hide}-, (iii) the deltoid-dodecahedron 
{AAi} ; and (iv.) the heiakis-tetrahedroH, {hkl\, dorived from the octahedron 
icositetrahedron, triakis-octahedron, and hextfkis octahedron respectively, ’t~~ 
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There aft two of eack of the preceding forms, termed positive" and 
egative respectively, and they may oe£ur singly (fr in combination; in $0 
itter case the combination is geometrtcaify indistinguishable from a holo- 



Fro. 18.—Positive F 10 . 19.—Negative * Flo. 20. —Triakis- 

tetrahedron. tetrahedron. tetrahedron. 



Flo, 24.—Diploid. Fio. 25. —Pyritohedron. 


hedral form. Figs. 18 and 19 represent tfie t^o tetrahedra and show theii 
geometrical relationship to the octahedron. • % # 

. iZinc blende, ZnS, and tetrahedrite, ^UgS.Sbjftg, are example? of (h); 
tefrabedrite also occurs in the* simple forms (ii.) and (iii.), ^hile diamond 
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sometimes occurs in tlie form (ivi). A combustion of three* fturns, posi' 
tive and negative tetnfhedra and* cube, is often found with boracjte,' 
2Mgg1i 8 0ir,.MgCl. 2 . A combination a f (!.) and (ii.), occurring with tetra- 
hfldrite, is shown in fig. 23. 

Class 3Q£p. 54) or the pyrites class .—The forms of this class may also 
be derived from those of class 32 by hemihedrism, but by a method different 
from the preceding. The geometrically new forms are (i.) the dyakisdodeca- 



Fig. 26 —Hexagonal bi¬ 
pyramid, first order. 



Fig. 27 —Hexagonal bi¬ 
pyramid, second order. 



Fi(£ 28.—-Dihexagonal 
bipyramid. 



< 

Flo. 29.—Hexagonal 
prism, | rat omer. 


Fig. 30.—Hexagonal 
prism, second order. 


j 



Fig. 31.—Dihexagonal 
prism. 


hedron or diploid , {M/}, derived from the hexakisoctahedron, and shown in® 
fig. 24; and (ii.) the pentagonal dodecahedron or frjritohedron {MO}, derived 
from the tetrahexa'iedron an# 1 , shown iif fig. 2f. These forms often occur on 
pyrites, FeS 2 , and .cobaltite, CoAsS. * * 

Hexagonal System. Jlolohedral class (Si 7, on p. 53).—The form 
{AOAi} constitutes the hexagonal bipyramid, of the first order , which* has 
,12 faces (fig. 28). The hexagonal bipyfamid of the second order, {M2A/}, also 
has 12 '/aces, but is situated ^differently from the preceding with respect to 
the lateral „axes # (fig. 27). The most general form, {hiJ'l}, is called the 
dihexagonal bipyramid , and has 24 faces (fig. 28). 

The open prism forms corresponding with the preceding pyramids, are’ 
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,{10l0), fllSO}, and {hfkoy respectively, with 6, 6, and 12 faces. They are 
shown in figs. 29, 30, and 31, termipatet? by basalplanes {0001}. 

. Exam pi o : beryl, Be 3 Al 2 (SiO fl ) 6 . Fij* 32^diows a combination of {10l0}, 

{10T1}, and {0001}, frequently observed with beryl crystals. • 

Trigonal System (rkombohedral). —As has been previou^y mentioned, 
t^s system will be referred to hexagonal axes of reference, the vertical axis 
being always one of threefold symmetry. 

Holohedral class (22 on p. 53).—The various forms aro as follows (in 
addition to the hexagonal prism of the second order and the hexagonal 
bipyramid of tho secon# order): (i.) the positive and negative ditrigonal 
bipyramids , [hiId,} and {Jiikl} respectively, each having 12 faces; (ii.) the* 
positive and negative* tfigonul hi pyramids, {hOhl} and {flOht} respectively, 
each with 6 faces, (iii.) the positive and negative ditrigonal prisms, [hikO} 0 
and each with 6 faces; (iv.) the positive and negative trigonal prisms, 



Fio. 32.—Beryl. 



rift. 34.#~Ncgat.ive 
^rhombohodron. 


{10T0} and (TOIO) respectively, eacn with 3*faces; *and* (v.) the baSUl 
pinacoids {0001}. It is very easy to deduce the nature of each of these 
forms. 

This crystal class is not of mifch importance. 

Class 21 (p. 53) or the calcite class .—The geometrically new.forn^ of this 
important class are as follows: (i.) the positive and negative rhonwohedrd, 
JJiOJil] and {OhMj respectively, derived by hemil^drism from tho hexagonal 
bipyraAid and shown in figs. 33 and 34; and (ii.) the positive and negative 
scalenohedra, {hikl} .and q*&H} respectively, similarly derived from the 
dthexagonal bipyramid. Tfee pisitive form of the scalcnohedron is «hown ip 
fig. 35. 

Combinations of rhombohedra frequently bccur. When one is positive 
and the other negative, the appearance of a bipyramid is presented. Two 
positive rhombohedra, differing in axial ratjo, are often combinea on the same* 
crystal; e.g. caldlte, CaC0 8 . This.mineral is also frequently found as 
rhombohedra, and as scalenohedra {2131}. 

. Class 18 (p. 53) or the quartz class .—This clasS exhiuas lurms geometri¬ 
cally different from the preceding in the trigonal trapezohedra, of which there 
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a!fe four: {a) ngfit positive, {hilcl}, (A) left positive, {A»&}, (c) right*negative, 
[hikl }, and ( d) left negatify { Hhl). 'fho pair (a) and (A) are enantiomorphouS ; 
and so are the pair (c) and ( d). 'On the other hand, the pair (a) and (c) are 
related to one another, like the two tetrahedra (p. 59) or rhombohedra (p. 61), 
being indistinguishable when moved out of position; and the pair (A) and ( d ) 
are similarly related. Form (a) is shown in fig. 36; it has six faces. ^ 

Tho preceding forms are only known ih combination with other forms; 
e.g, quartz, Si0 2 , which occasionally exhibits the trapezohedral faces; and 
oinnabar, HgS. 

Class 20 (p. 53) or tourmaline class. —All crystals belonging to this class 
■possess a polar axis, i.e. they are hemimorphous (p. 54), and exhibit pyro- 
electrical properties. The most important crystalline substance of this class 
is tourmaline, a complex borosilicate described in Volume IV, of this series. 

' Tetragonal System ( quadratic). Holohedral class (15 on p. 53).—The 
three closed forms are the tetragonal bipyramids of the first and second orders, ; 



{hhl} and {AO/} respectively, each with 8 faces; and tho diletragonal 
hipyrlmid. {hkl}, with 16 faces. The last-mpned is'shown in fig. 37. The 
co-.responding prisms {110}, {100}, and {hkO} are open forms r>f 4, 4, and 8 
faces respectively. The remaining open form is a pair of pinacoid faoes 
(known as basal planes) {001}. 

The crystals of zircon, ZrSi0 4 , and idocrate, a hydrated calcium aluminium 
Bilicate, shown in figs. 38 and 39 respectively, show combinations of the above 
forms. The forms aro indicated by the symbols on typical faces. 

It may be mentioned that ip the classes 14 and 10 (pp. 52-53) of this 
system forms occur which' may be derived from the tetragonal bipyramid 
by hemihedrism, and which may be likened to tetn/hedra either drawn out or 
compressed along "the vertical axis. ‘They ,hre called positive and negative 
tetragonal sphenoids, {hhl} and {AAZ} respectively, and maybe observed on 
crystals of copper pyrites, CuFcS 2 , and urea, (NH 2 ) 2 CO. 

Orthorhombic System {rhombic). Holohedral class (8 on p. 432).—The 
only closed fovms are bipyramids (fig. ^0), with 8 faces; the simplest or unit 
pyramid {111} contains the fiflidathental face, and other pjiramids {hkl} are 
called proto-, brachy,, and macro-pyramids, according to the axis in the direction' 
of which they are elongated. The prisms {AAO} are open, vertioal four-faced 
forms, the simplest being {110}; open, four-faced prism forms parallel to the 
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lateral axes *e either bmc\ydomes {OK} or macrodomo {AO/}, the simpkft 
being {011} and {101} respectively. T*he remaining forms consist of pair* 
of faces parallel to two axes; there are bhre<#pairs,*the basal pinacoid, {001}, 
the brachypinacoid, {010}, and the macrcpinacoid, {100}. 



» I 


Fiu. 37.—Ditetra- Fio. 38.—Zucon. Fio. 39.—Idocrase* 

gonal bipyramid. # • * 

The crystal of olivine, Mg. 2 Si0 4 , shown in fig. 41, exhibits the following 
forms: prism (/>). ^pyramid (o), macrodome (w), brachydome ( q ), macro* 
pinacoid (m), brachypinacoid (b), and basal pinacoid (c). 

Class 6 (p. 52) is of interest as being the class to which rhombic sulphur 
belongs. Rhombic sulphur usually exhibit# a pair of positive cvnd negative 



• # • 1 

Fio, 40.—Oithorhombic tio. 41.—Olivine, 

bipyramid® 


rhombic sphenoids , {hkl } and { hkl } respectively. These sphenoids resembfe 
distorted tetrahedra, and a*re enantiomorphoul. 

Class*1 (p. 52).—The crystals have a polar axis (p. 54); e.g. hemi- 
fhorphite, Zn 2 (0H) 3 (Si0 3 ). # . 

Monoclinic • System (oblique,, or monosymmetrie). Holohedj'al class 
(5 on p. 52).—All the forms are open. The positive* and negative hetni- 
pyramids { hhl ) consist of 4 faces each. The prislhs , (4K)}, and Utinodomei, 
{0&/} consist of 4 faces, but “the positive and negative oi'thodomes , {A0A}, 
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cdhsist each of 2 parallel planes. The basal-, ortho-, and clinopindbouis, {001}, 
{100}, and {010} respectively, confist qach of a pair of parallel faces. A 
positive heraipyramid is shown iif tig/42. 

• Examples: gypsum, CaS0 4 .2H 2 0; ferrous sulphate, FeS0 4 .7H 2 0; ortho- 
clftse, KAlSijQg. Tho crystal of orthoclaso shown in fig. 43 is a combination 
of prism (p), basal pinacoid (4), positive orthodome ( d), and clinopinacoid 
Class 4 (p. 52) is of interest since iff gives rise to enantiomorphons, 
sphpnoidal forms. 

Triclinic System (anorthic or asymmetric). Holohedral class (2 on p. 
52).—Each form consists of a pair of parallel facA. There aro four kinds 
'of quarter-pyramid: { hU }, [hkl], {Ml} and {hU}; two kinds of hemi-prism: 
\hk0} and {/life}; two kinds of hemimaerodone: \kbk) and {h0k\; two 
kinds of hemibrachydome, {0 hk) and {0 hk} \ tho macropinacoid, {100} j tlie 
\rachypinacoid, {010}; and the basal pinacoid, {001}. 



EiKmples: copper sulphate, CuS0 4 .5H 2 0; pDtassiuifr dichromate, K. 2 Cr, 2 0 7 . 
Tift latter ft shown' in fig. 44 (macropinacoid (m), brachypitiafcoKl (/>), basal 
pinacoid (c), hemibrachydome ( h ), and bemiprism (p)). 

In Class 1 (p. 52) each face constitutes a^soparate form. 


Allotropy and Polymorphism. 

Introductory. —If, ujAm examination, two substances 1 prove tp have c 
exactly tho same properties, physical and cheir^cal, it ft unhesitatingly 
assumed that they also have the same ohcmi&tl composition. Tho converse 
i\ not true, however, for substances may bo chemically identical although 
their physical properties are wjdely different. Osjpije and oxygen are cases 
„in point. It is with solid substances, however, that numerous in^tancUs of 
this phenomerwn are to be found, both among elements and compounds. 
Attention was first drawn to tips by Mitscherlich, 1 who showed that di-sodium 
hydrogen phosphate, Na 2 HF0 4 .H 2 0, can exist in two distinct crystalline 


1 Mitscherlich, Ann. Chim. 1‘hys. ,*18121, 19 , 350. 
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forms. • Lifter, sulphur was Observed to exist in different forms. 1 Other 
examples were speedily discovered, • 

When an elementary substance can exist in'more forms than one, it is 
said to exhibit allotropy (Ok. al/os another, trojms direction), the diffeifent 
varieties being termed the allotropes or allotropic nfodifications. 
Examples arc furnished by sulphur, carbon, phosphoms, iron, tin, etc. 
In the case of compounds, however, the term polymorphism is used. A 
substance that can occur in two crystalline forms is said to be dimorphous, 
e.g, calcium carbonate; in three, trimofphous, eg. tin 2 ; in four, 
tetramorphous, e.g. ifinmoniuni nitrate 8 ; and so on/ 

The term ‘’polymorphism” is frequently used in eonyecti<?n with bofli 
elements and compwiftids in the crystalline state, but it lines not include 
the allotropy of amorphous substances, such, for example, as that of ozone 
or of liquid sulphur. • 

Types of Polymorphism or Allotropy. When tho different poly¬ 
morphous forms of any one substance are examined, it is found that each exists 
under a definite set of conditions of temperature and pressure*. The physical 
properties of' metals, for example, am susceptible to alteration according to 
the treotmeift to which they have been subjected. Thus lteiHiy 4 found that 
a metal can exist m two phases—namely, (1) the. hardened or amorphous, 
(2) the annealed or crystalline. The former is conveitible into the latter by 
heat, and tho reverse change may be caused by pressure producing mechanical 
flow. Kahlbaum 5 and Kahlbaum and Sturm 0 found that the density of a 
specimen of metallic wire depends on tho treatment to which it has been 
subjected, decreasing in many cases as the result of compression. 7 Subsequent 
annealing of the specimens causes a renewed increase of density. It is also 
known that the heat of solution of a metal and its behaviour in a voltaic 
cell depend on the treatment which it lias previously undergone H * 

But whilst these may be regarded as txamples of polymorphism, another 
explanation is possible, for it is very probable* that aijy deformation of a 
metal is a manifestation of inching produced by unequal strain, and’that* with 
the removal of the strain the liquid portions do not imm&liately retuAi to 
tho crystalline, solid {prin 9 

In other more definite instances of polymorphism the different varieties 
are found*to*have distinct and different physical properties.* Kach possesses 
its own crystalline form, melting-point, rate of expansion, conductivity for 
heat and electricity, colour, et«. ; lmt although the chemical behaviour and . 
reactivity are often dependent on tin* physical state of the substance, yet the 
ultimate products of chemical change are the same, as for mRinipfe, in the 
combustion of the various forms of carbon with oxygen. 

Three classed of allotropic or polymorphic sulfctauers exist. 

It Ennntiotropic Substances awl Ewniliotropg —The different forms of, 


• * 1 Mil sober! ich, Ann Chiin ? l‘hi\, 1X23, 24 , ‘264. » 

3 Cohen and Goldschmidt, Am Inch, physikal. Chcvi , 1904, 50 , ‘22.a 

* Lehmann, Xeilseh. Krifit.*Miu , 1877, I, 10(5. • 

* Boilty, Pror. Jim/. Sue., 1902, 72 , 218; ./. Sec ('hem, Ind , 1903, 22 , 1106; Phil, 

Mag., 1P04, [vi.]. 8, 258 ; Electro Chcvi. Mflail-., 1904 3 , 806. ,, 

8 Kahlbaum, J. Chiin. phys , 1901, 2 ,537. # • • 

8 Kuhlbaum am? Sturm, Am Inch. awmh. ('Item., lt»05, 46 , 217 ; rf. Spiiiig,,/jVv*. Irav. 
chiin., 1904, 23 , 1. 7 See also Spring, lire. tine. <hiig., 19Q4, 23 , 1. 

8 See, for example, Bertlielot, Compt. rend., 1901, 132 , 2 jjl. • 

• 9 Johnston and Adams, J. A/ner . Chan, Soc., 1912, 34 , 563; Johnston, ibid. , 1*912, 
34 , 788. 
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MODERN jNOfttSANrc CHEMlOTfiF. 


66' 

many polymorphic substances can be transformed from one into tReotherata 
definite temperature and fyessuro kn^wn,as tbo transition-point, just as ice 
can be melted at 0° and water boiled sft 100" under atmospheric pressure. In 
illhstration of this the case of sulphur may be cited. This element can exist 
in a variety Of, different, crystalline forms, of which the rhombic and mono- 
clinic forms are the most important. At temperatures above 955° C. tlm 
latter is the stable variety, but when the temperature falls below 95'5° the 
moKOclinic commences to change into rhombic sulphur. 95 5" C. is therefore' 
known as the transition temperature, and at this point the two polymorphous 
forms are mutually transformable, 

* This type of polymorphism is termed enantiotrnpic, iifasmueh as the 
polymorphous fof-ms arc directly interconvertible and exhibit a transition-point. 
The transition-point lies below the melting p.'iint of each form. Thus, 
/uombie sulphur melts at 112-8’, mouochnio at 119 2". 

The following is a list of jyell-umi-ked eases of enantiotrnpic polymorphism 
among inorganic substances :— 1 


Substance. 

( Form and Transition-Point (°C). 

Observer. 

Fe . 

a-Fe-»0-Fe, 7/0° 1 

Tcimmann, Zeitsch, anorg. 

S , . 

/3-1'e —> •y-l'o, 8y0° j 

Chem., 1903, 37, 4 18. 

Rhombic-monoclinic, 95 ’5° 

1 

Reiohoi, Zeitsch Kryst. Min., 
1881, 8, 593. 

S11 


Cohen and Goldschmidt, 

NIT.NO, , 

Tc>tiagona]-> rhombic, 3 70° 1 

Zr.itsch. physikal. Cheni., 
1904, 50, 225. 

,, a rliombic—>/3 rlu/mbic, ,‘12*2° 

Muller and Kaufmann, ibid., 
1903, 42, 497. 


! < fi iboinbic~»rliom}Mv.edral, 83° j 

Schwarz, Beitraqe znr Kennt - 


ms iter umbelli barm dm- 


; ltliomb^hcdral —> ii'gular, 125*0° | 

u-amlfiimjm palymorphen c 

• ‘ ■ 

( l 

(' UlnmTbic-> hexagonal, 114° 

harper, Gottingen, 18**4. 

Ai/iuni, Bezichunq zwisdien 



, ’Cry si ail form u. chem. Zu - 

l' 

< , 

sam m r 11 set rang, Bruns¬ 

wick, 1898. 

Rcinders, Zritsrl. physikal, * 

llgT,- .] 

Tetragonal rhombic, 127° 

KNO, . 


Client . 190", 32, 494. 

Rhombic -s- rbomliolicdial, 129*5° 

van Kyk, ibid., 1905,51, 721. 

Agl . 

<■- Hexagonal-> icgiil.u, 14'<'' 117° 0 

Sieger, ibid., 1903, 43, 595. 

i AgXO, . 

Rhombic—> 1 homboliedi.il, 159 2"- 

Scliwai z, loo. (at. also Jd issink, 

t 

« 159 7° 

Zedsch. physikal. Chem., 
1"00, 32, 537. 

: TINO3 . 

Rhombic—> 1l101nbobfdr.il, 72 ' 8 ° 1 

.van Kyk, Zeitsch physikal. 

j 

KhombohvdralreguhiV, lt2*5’ J 

C7im.,j905, 51, 721. a 

u 


( 1 * C 

^luch more is known of tho relationship bo<$vccy enantiotrgpic forms tl«wi 
that between other types of polymorphous forms. 

II. Monotropic Substances ami Monotrojn /—A nifmbcr of substances t exist 
in two or more forms which arc not directly interconvertible and do flot exhibit 
transition-point. Thus, two varieties, called the a- and /J-forms, of iodine 
uionochbridf* arc known, of winch a-H'Unolts at 27 2° and^-ICl at 13‘9°, the 
former bpinu thf sftablo variety lit ordinary temperature. Six varieties of' 


1 Sec also Tamilianti and Huttner, Zeitsch. anorg. Chem., 1905, 43 , 217, 
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sulphur artf known which .uo not reversibly transformable one into another, 
in addition to the two well-knowy eiufntiotropie forms. Tho polymorphism 
in those cases is said to be monotropic, or irreversible. 

It is possible that in the majority of cases moaotropy arises from tho Ihct 
that the transition-point is higher than the melting-point of* either of the 
polymorphous forms at atmospheric pressure ; and it is conceivable: that by 
raising the pressure cnantiotm|ly might lie induced, hi that ease the same- 
pair of polymorphs would exhibit monotropy or enantiotropy according to the 
pressure obtaining at tho time. 1 

III. Dynamic AllotrSpy .—In the two preceding eases of solid polymorphic 
forms, the various varieties cannot exist in contact (except at *: transition 
point), one form alwifs being stable, and the other, the mcfastable, tending 
to change into it. Quito flitferent, however, is tho behaviour of the two 
liquid forms of sulphur, known respectively as S A and S„, which exist together 
in equilibrium in definite proportions depending on the temperature. 2 The 
phenomenon is known as dynamic allotropy, 

These two forms of liquid sulphur, of which S A is yellow ilnd mobile, and 
S* brown and viscous, are present in molten sulphur, tho amount of S„ being 
small naar tlto melting-point, but rising steadily with the temperature to a 
maximum of about 34 per cent at the boiling-point. Tho percentage of S,, 
when equilibrium lias been attained is as follows;— 


f 114-5“ 130“ 140" 154" 1(57" 

3-7 4-3 5-fi 7-5 lfi-7 ' 

• * 

The freezing-point of sulphur accordingly varies with both tho nature of tho 
solid phase that separates and the percentage of S M in the liquid. Unless the 
liquid has been kept near the freezing-point for a sufficient length of time to 
enable equilibrium to bo established, the percentage of# the tt w contained by 
it will vary according to circumstances, il'his type of alhAropjf is due to the 
existence of molecules of different complexity. fTlnw, irijthe ease of sulphur, 
S* probably corresponds to the molecule S H , and S fl to # S G . :i • 

Determination pf Transition-Points.—All mctlnfls proposed* for 
the determination of # transition-points depend on the study of some, parti¬ 
cular physical property of tlitf substance, which jmdefgoes a nuyked change 
when the frahsition-point is reached, * * 

. 1. The Cooling Curve Method .—If water bo continuously cooled and the 
temperature be plotted against tho time, tho cooling cur^e so obtained 
(fig. 45) will show a horizontal portion where freezing occurs, corresponding 
fco the fact that the temperature remains constant during a ohaTige of state. 

Since at the transition-point a change of state also occurs, from one solid 
to another, a edging curve of similar fori A may be expected, in which the 
horisfcmtal portion will mark the transition-temperature. Such a curve 


> • 1 Lehmann, Molekularpkysdc (Lltpzig, 1883), vol. 1 . p. 194 ; Ostwald, Zeitsah. physikai.. 
Ihem., 1897, 22 , 312 ; Schaurn, Die Arten dcr Isomeric (Marburg, 1897). 

8 # Smith, Proc. Roy. Soc.*Min., 1902, 24 , 342; Smith and Holmes, Zedsdt. physikat, 
-hem., Iflp3, 42 , 409; Smith, Proc Roy Soc. Min., 1905, 25 , 588 and 590 ; Smith, 
Holmes, and Hall, Zeilsch. physical. Chcrnr- 1905, 52 , 002; J. Amer. Chem. Soc., 1908. 
*7, 797; Smith and Holmes, Zcitsch. physikaL Chem., 1906, 54 , 257: Hotimann and 
iothe, ibid,, 1906, *$ 5 , 113; Smith and /juisoii, Proc. Roy. Soc lid in., 1906, 26 , 852;- 
Parson, J. Amer. Chem. Soc., 1907, 29 , 499; Smith and Carson, Zedwh. pkysikal. Chem., 
.907, 61 , 200 ; Kruyt, ibid., 1908, 64 , 513 ; Smith and Carson, ibid., 1911 77 ,#561. 

• * Preuner and Sehtipp, Zcitsch. jtfiysikal. Chem., 1909, 68 , 1*29 ; Beckmann and Liosche, 
fritsch. anorg. Chem., 1918, 85 , 31. See Turner, Molecular Association (Longmans, 1915). 
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^ * 
is seen in fig. 46, which represents tho results ^obtained by Gsmtnd, 1 in 
determining the transition-points f of flic ajlotropic forms of iron. 

The dotted portion on the curve in fig. 45 represents a temporary state of 
supercooling previous to the separation of the stable phase. This super¬ 
cooling often occurs during the process of finding both freezing-points and 
transition-points. 

2. The Dilatometric Method .—In this method the rate of expansion with 
temperature is noted. The substance is contained in a dilatometer (a glass 
bulb with a long capillary steyi), and covered with a liquid in which it is 
relatively insoluble. The stem is calibrated, and the rate noted at which the 
liquid expands ^ the dilatometer is slowly heated. At the "transition-point 



there is a marked change in the rate of expansion, as indicated by *1110 portion 
BO on the curve (fig. 47). Observations are repeated as the temperature slowly 
falls to the initial value. 

A lag in undergoing transformation is usually observed, duo to super¬ 
heating when the temperature is being raised, or to supercooling if the 
temperature is being lowered, so that two branches, ABO and CDA, are 
obtained from which the inUaii value of the transition-point calculated. 

3. The E.M.F. Method.- -If two pieces of lbq_same metal in the'samo 
condition are immersed in av electrolyte and' the metals connected together 
so as to''form a closed circuit, no current‘pass's, the E.M.F. of the (fell 
being zero. If, however, the pieces of metal exist in different polymorphic 
forms, the cell has a definite, though small, EM.1<\ "At the transition-point, 

0 1 Osmond, ilicrographische Analyse der K\sen■ Kokhnstoffleqierungen (Knapp, Halle, 

1906). See this series,Vol IX Tho view that iron can exv-t in throe allotropic forms ia 
by no means univer-all,v accepted, and has been made, the subject of i onsidcrable discussion. 
See Bencd- ska, J. lion tiled,Inst,., 1912, II , 242 ; 1914, I , 4U7 ; Carpenter, ibid., 1913, 

I , 815; Honda, ibid., 1915, 1., 199; Honda and Takagi, ibid. , 1915, II., 190 ; Revue do' 
MMiMargie, 1913, io, 1326 ; Burgess and Crowe, J. Washington Acad . tici. , 1913, 3 , 329, 
Also tho General Discussion by the Faraday Society, November, 1915. 
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however, wfcere the two fojms are in equilibrium, the difference of potential 
between each metal and the solutionis tlio same, and, since tlio potentials 
act in opposite directions, neutralise enrti othbr, the E.M.F. of the cell 
becoming zero. • 

Cohen and van Eyk 1 determined in tins manner the transition-point of 
grey tin into the white or tetragonal variety. They employed a cell contain¬ 
ing a strip of white tin and*one of white 
tin whose surface had been transformed into 
grey tin, the electrolyte in tlio cell being 
ammonium stannic chloride. The cell was 
immersed in ft bath the temperature of 
which was altered* Until the E.M F. was 
zero. * 

Other methods depend on a determina¬ 
tion of the solubility (see p. 10b); noting 
a change of colour, as in the caso of 
mercuric iodide; watching, under the micro¬ 
scope, a change in crystalline form (Hu¬ 
so called optical methods); measuring the 
vapour pressure, as with salt hydrates; 
or determining the conductivity for heat 
or electricity. 

Analogies between the Melting-Point and the Transition- 
Point.—The analogies between the melting-point and the transition point 
may be stated as follows :— 

1. The transformation occurs at a perfectly definite temperature in both 

eases, and marks a change of state in eithci # case. « 

2. Both melting-point and transition-pomt depend qn the pressure. 

An illustration of this has already t been given ^n •onneelion with the 
melting-point. The following table piov.des.a similar illustration of tlio 
effect of jJrcssuro on the transition-point of f rhombie an(f monoclini* sulphur. 2 


Transition-Point. 

• Pressure. 

Trausition-poqit. • 

Piessur*. 

_ . * .• 

. 

* • 

* ... *_ 

y5-5' 5 

1 atm os plie 10 

120 or 

C38 kilos, per s*j. cm, 

100 ir 

1‘23 kilos, pc sip em. 

110 1° 

1108 

110 11“ 

391 

i5o-r 

13#) 



_ _ 

* •- 


The transitjon-point.is like the melting-point, either raised or lowered, 
acceding to oifoumstances. In the case of tfulphur, iron, 3 * mercuric and 
silver iodides, tlio transi don-point is raised by increasing the pressure. On 
tjie other hand, thflt of /?-rh£mbio .immouium nitrate iflto the rhombohedral 
form is, like the melting-point?of ice, lowered by pressure. • , 

3. Heat is absorbed <ar evolved at the Jransition-point according to the 
direction of the chango. The form stable at the higher temperature always 


1 Cohen and vafi Eyk, Pror. A". Akad. H cb%,sch?Amsterdam, 1899, 2, <7. 

2 Tanmiann, Wicd. AnnnUn, 1899, 6o, 633. # 

8 For iron, see Taniinunn, Zatsch. oiwrg, Chan., 1903, 37 . 44% ; fof mercuric iodide, 

•Lussana, JVnovo Cimeiito, 1895, [iv.j, I, 405; toi silver iodide, Tan'imaun, Wicd. Amialen< 

1809, 68 , 633. 



Temperature 

Ki<i. 47.—Dilutometru- di-tei urina¬ 
tion of transition-point. 
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passes into that stable at lower temperature with evolution of hfeit {see Le 
Ohatelier’s Theorem, p. 178), and the reverse occurs during the heating 
process. Evidence of these'facts fs afforded by the horizontal portion always 
observed in the cooling curve. When /3-Fo passes into a-Fe, a considerable 
amount of heat is disengaged, and the transition-point is widely known as the 
recalescence-pomt. There is therefore a latent heat of transformation just ajj 
there is a latent heat of fusion. 1 ' 

4. Both melting-point and transition-point are affected by the presence of 
foreign substances, being as a rule lowered thereby. The prosence of carbon 
in iron thus lowors the transition temperatures of (ca'bon) steels, 
r. Moreover^ 1 the extent of the depression depends on the number of foreign 
molecules present, and not on the kind. 2 ' - 

Difference between Melting-Point and Transition-Point.— Any 
difference between melting-point and transition-point lies in the fact that the 
rearrangement of molecules of a solid consequent on a chango of crystalline 
form must necessarily be slow compared with the rate at which a solid passes 
into tho liquid form. It is well known that a liquid can he cooled consider¬ 
ably below its normal freezing-point. In like manner, inonoclinic sulphur 
may be preserved for some time at temperatures far below its transition-point, 
and tho samo holds good for other substances, especially if cooled rapidly. 

Any substance cooled below its transition-point remains'for a time in 
what is known as the inetastablo state. Before tho stable variety can be 
produced, the substance must pass through the unstable suite, which can be 
best brought about by tho addition of a trace of the form which is stable. 
The previously suspended transformation now immediately begins, for tho 
metastable condition cannot bo maintained in the presence of the stable phase 
of the substance Transition from monoolinic to rhombic sulphur, on cooling, 
can therefore be assisted by the addition of a small amount of the rhombic 
form; as also _ tho'transformation < of white into grey tin, which otherwise 
occurs only very slowly, at ordinary temperatures by adding a trace of grey 
tin. Not only may monoclinic sulphur be kept for a prolonged peiiod below 
its transition-poiilu without change occurring, but rhombic sulphur may just 
as readily be maintained above the transition-point without tho transformation 
into mcfiioclinic sulphur commencing; and this superheating is not peculiar to 
rhombic sulphur alone, but is exhibited by other substances. The s’uperhcat- 
ing of a solid above its melting-point, however, is of very rare occurrence. 8 


ClTEMIOAL CRYSTALLOGRAPHY. 

Isomorphism. Introductory. — That different chemical entities 
frequently* yield very similar kinds of crystals has been known for many 
years. Thus in 1772 Itom6 do 1’Isle was aware that.mixed solutions of copper 
and ferrous sulphatec will crystallise after the 1 same forn as those of pure 
ferrous sulphate, whereas a pure copper sulphate solution yields crystals of ’ 
quite a different shape. In 1784 Leblanc drew attention to the fact that 


t 1 See Hiittner Aid Tammann, Zcitsch. anorq. Chon., 1905, 43 , 215. 

9 Lowen’nerz, Zeitsch. phi/sikal. Client., f$95, 18 , 70 ; Dawson and Jackson, Trans. Chem. 
Soc., 1908, <#, 844. 

3 For a discussion 1 of polymorphism from the point of view of the Phase Rule, see 
Fiudlay. The Phase Rule (Longmans & Co ), 3m edition, 1911. The reader may alsa 
jonsult Julius Meyor, Die Allotropic dcr chemischcn Elements, Stuttgart, 1910. 
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crystals ui^uuuimum auuyinium suipnate may contain considerabie quantities 
of iron and yet retain the same crystalline form*; and in 181G Gay-Lufi^ao 
made the remarkable observation that a costal of potassium alum will grow 
readily in a solution of ammonium alum, from which he concluded that the 
molecules must have a similar form. In 1819 Kilhardt Mitscherlich, 1 after a 
careful study of the arsenates and phosphates of certain metals, enunci¬ 
ated his famous Law of Isomorphism, according*to which substances 
possessing “an equal number of atoms united in the same manner,” oxbibii; 
complete identity of crystalline form This law was at variance with the 
current view, originated* by Haiiy in 1784, that every substance of definite 
chemical composition is distinguished by its own particular crystalline form? 8 
and it was soon fo*nfd that Mitscherlich’s law was only approximately true. 
Thus Mitscherlich himself *had observed that the charactoristic angles of di- 
ammonium hydrogen orthophosphate, (Niy.JlJ'C),, an<l the coi responding 
arsenate, (NH 4 ) 2 1IAs0 4 , differed by more thay one degree, and numerous 
other examples of a similar nature were rapidly discovered. It has now been 
completely established, mainly through the extensive researtdies of Tutton; 
that Hauy’s hypothesis is perfectly correct and that all the so-called iso- 
morphous substances exhibit definite differences, altbongh#in many cases 
these differences are relatively small. It has further boon shown that these 
differences arc? functions of the atomic weights of the elements concerned. 
At the same tirno Mitscherlich’s principle of isomorphism, with a not too 
rigid interpretation, has proved, as will bo seen presently, of groat value to 
chemistry. # 

Recognition of Isomorphism.—Had the early belief of Mitscherlich 
that isomorphous bodies possess identical crystalline form proved to be 
correct, the recognition of isomorphism would have been ai# easy task ; but 
from what has been said it will bo evident that a move study of crystalline 
form cannot of itself determine isomorphism. Thus, tlfe a,fmioyium phosphate 
and arsenate referred to above are regarded as isomorybous although their 
characteristic angles exhibit a difference of more tlnpi one degree* (Jn the 


a similar chemical constitution. Again, it does not follow that substances 
must contain the same number of atoms in their molecules^in order to bo 
isomorphous, as was originally postulated by Mitscherlich. The ammonium 
salts, which have been made the subject- of eaioful study by Tutton, 8 are 
cases in point, for “the replacement of the two atoms of potassium by the 
ten atoms of th^ ammonium groups is accompanied bv an effect but slightly 
greater than that produc’d when two atoms of rubidium are substituted for 
those of potassium.”' 1 # 

• • The question naturally ibises, therefore, as to what criterion is to be 


other hand, sodium nitrate and oaloite have nearly the samf? crystallognfphic 
constants, but are not^ usually regarded as isomorphous Similarly, substances 
crystallising in the regular s/stem have the sarye crfstaflographic constants, 
but are ndt t!b be regarded as isomorphous unless, like the alTims, they possess 


1 Mitscherlich, Ann. Chi in. 1'hys., 182^ 14 , 172; 1821, 19 , 350; 18£3, 24 , 204. 

8 Tutton, Crystallography and Practical Cnjsfal Measurement (Macmillan i,Co ), 19H, 

p. f>. • • . 

8 Tutton, Trans. Chem. Sac.. 1894, 65 , (128 ; 1903, 83 , 1019 ; UHtf, 87,1123 ; 1900, 89, 
1059. See also Murmaini and Rotter, Sitzuvgdicr. K. Ak^d. JVts *. IVicn, 1.168, 34 , 185; 
Topsoe and Christiansen, Ann. Chim. fhys., 1874, [v.], 1 , f>; Fermi, Jnh. Set, 'f>hyt. 
fiat., 1891, 25 , 26 . 4 Tutton, Trans. Chem. Hoc., 1903, 83 , 1073. 
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adopted in order to recognise isomorphism. According^ Kopp 1 aifd Rutgers, 2 * 
two or more substances art) to be regarded as isomorphous when they are 
capable of yielding mired °crysfah— -that is to say, crystals in which the 
components may be made to occur in varying proportions. It is not usually 
possible to obtain a complete series of mixed crystals of any two isomorphous 
substances, but it is often possible to obtain a limited series. This is the 
case with the chlorides of potassium and anhnonium, mixed crystals being 
obtainable only when one of the components is in considerable excess of the 
other. The sulphates of potassium and ammonium, on the other hand, yield 
a very complete series of mixed crystals, which is a^l the more remarkable 
inasmuch as'in ammonium sulphate the ten atoms of the t\vo ammonium 
groups are equivalent to the two potassium atoms in pc&usium sulphate. 

It is not to be supposed that mixed crystals are mere mechanical mixtures, 
for the recent work of (Jossnor 8 apparently proves the homogeneity of their 
structure, a conclusion that hjid already been indicated by the researches of 
Wulff; 4 * but Gosxner draws attention to the close connection existing between 
the power to form mixed crystals and the molecular volumes of the sub¬ 
stances, and it appears that in an isomorphous series of substances only 
those members yield mixed crystals the molecular volumes flf which are 
closely similar. Evidently, therefore, it is possible to have, on the one hand, 
isomorphous substances incapable of yielding mixed crystals an<1, on the other 
hand, mixed crystals from substances that are not truly isomorphous. Con¬ 
sequently Kopp and Retgers’ criterion is inadequate, and, according loTutton, 
“ the term ‘ isomorphism ’ has remained to indicate the general similarity of 
the forms of the crystals of similarly constituted chemical substances, the 
similarity of chemical constitution being, indeed , the only criterion of isomorphism 
which has remat ned valid.” 5 This opinion, however, is not endorsed by all 
crystallograpliers, some of whom arc prepared to regard substances as being 
isomorphous wjtlioitt nfciking any reference to their chemical constitutions. 6 

But exceptions tq Kopp and Retgers’ rule are relatively uncommon, and 
in the absence of any direct chemical evidence, the power of forming mixed 
crystals or of exhibiting isomorphous overgrowth (mdq infra) may bo taken 
as indicating isomorphism. As recognised in this way. isomorphism has in 
the, pa'st proved very helpful in determining 'atomic weights (vide infra). 
It is usually considered necessary that two substances should 'belong to 
the same crystal system before they can be regarded as isomorphous, but 
they need not pf necessity belong to the sane class. In exceptional cases, 
however, it is possible to make out a good case for the isomorphism of sub¬ 
stances Vlonging to different systems. 7 


1 Kopp, Tier., 1870, 12 , 868 . 

2 Retgers, Zcitsch. physilal. Chrm , 1889, 3 , 407. See tils * 1 his numerous later papers in 

the same journal during* the years 1 $89-96 *. 

8 Gossne^ Zeitsch. Kryst. Min., 1007, 43 , 130. 

1 4 Wulff, Zcitsch. Kryst. Min., 1906, 42 , .‘>58. 

6 Tutton, Crystalline Structure ard Chemical Constitution (Macmillan & uo.j, iyiu, 
)>. 6 . The italics arc ours. 

0 See, c.g., T. V. Barker {Trans. Chem. Soct , 1912, ioi, 2484). It is then found that 
W(hile in the maj 6 Hty of cases isomorphous substances have equal numbers of similar atoms 
in their molecules, c.g. K 2 S0 4 and lJb.fe() 4 , In a nymber of cases the molecules contain equal 
numbers of dissimilar atyms, c.g., K1 < ) 4 and CaW0 4 , NaN0 3 and CuCO., CuTiF fl .4H 2 0 and 
CuObOKfl 4 HP and In other cases the molecules do not contain equal numbers of atoms, 
c.g (NH 4 ),S0 4 and K.S0 4 , (NH^.,Se0 4 and Cs a IIgI 4 , Mnt)l 2 411,0 and N<i 3 GIF,. 

7 Fedoruw, Zatsch. Kryst. MU., 11113, 52 , 11, 97. 
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lSOMlOl^tflOUS Overgrowth. 1 —Mention has already been made of 
Oay-Lussac’s observation that a crystal* of notassiftrn alum will readily grow 
in a saturated solution of ammonium alumnnd retain its same characteristic 
shape. This is known as isomorphous overgrowth, and was regarded by Kopp 8 
as a reliable test for the isomorphism of any two or more sub^unees. bike 
the power of yielding mixed crystals, however, that of exhibiting isomorphous 
overgrowth is possessed by bodies which are not necessarily isomorphous, but 
which have almost identical molecular volumes. Consequently this test is 
insufficient by itself, although in certain cases jt may prove very useful. 

When the molecular Volumes of two isomorphous substances arc approxi¬ 
mately equal it*is possible to obtain regular or “parallel” growths of on® 
substance upon the titer. For example, when a drop of a s«'?Lu rated solution 
of potassium permanganate Is placed on a perfectly clean face of a crystal of 
potassium pcrchlouito and allowed to evaporate, numerous minute crystal* 
of potassium permanganate are observed t<^ form, having their corre¬ 
sponding edges arranged as neatly parallel to one another and to the 
corresponding edges of the perchlorate crystal as it is possible to expect 
when the slight angular differences between the permanganate and per¬ 
chlorate are recalled • 

The formation of isomorphous overgrowths or regular growths, then, are 
valuable indications of the existence of isomorphism. 

Isopolymorphism. —It has been already observed (p. (55) that many 
substances are capable of existing in a variety of crystalline forms. Kow, it 
frequently happens Jtliat two or more polymorphs of one substance are iso- 
morphous with those of another. This phenomenon is known as isopoly¬ 
morphism. When the number of isomeric polymorphs is two, the term 
nodrmorph ism is usually employed ; if three, isotriniorjihiamf As might be 
expected, laodimorphism is the most usual type of is<^polymorphism, and a 
good example of this is afforded by nrsoiaous and antiinAiim^ oxides. For 
a long time these were only known in ong form, eacl^ and were not iso¬ 
morphous *tho arseuious oxide occurring iu oclaliedraa^tho mineral Arnt%olife y 
and the antimonious oxide in rhombic crystals as the rnineraf valent mite. • In 
view of the close chejnical similarity between the two oxides this appeared 
remarkable, and it was to bo presumed that olhyr vafleties of the two oxides 
existed isofnoTphous with those then known. In 18.32 WohPer oliserved that 
arseuious oxide m the sublimate from a cobalt roasting furnace sometimes 
occurred as rhombic prisms, isomorphous with the usual rhombic antimonious 
oxide. Claudet likewise found the same modification in a Portuguese mineral, 
now known as claudetite. Finally, the mineral xnuirmontite wtis discovered, 
in which antimonious oxide occurs as octahedra, isomorphous with arsenolite. 
The two oxides tyre therefore isodimorphousi • 

A»*good example of gsotriinorpliism is afforded by the dioxides of tin 
(SnO.,) and titanium, (TiO.,). « # • 

• • Isomorphous Serias.— iFlomonts that replace one another isomor- 
phously in their compounds aro termed “isomorphous elements,” although 
it often happens that The free elements tITemselves are not isomorphous. 
Adopting^ this convention, it is possible to arrange the elements into ten 


1 Interesting contributions to this subject have been made bjr V. # Barker (Trans. 
Ckem. Soe., iyO0, 89 , 1120; Mm. J%.,1907, 14 , 285; JH08, 15 , 42), for further 
information the reader is referred to lus papers. 

. a Kopp, J9er., 1979, 12 , 868. 
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isomorphous series. The following is Arzruni’s 1 * arrangement Tvitlf one or^ 
two additions:— 

J. H, K, Rb, Os, (NIf,), Tl; Na, Li, Ag. 

II. Be„Zn, Od, Mg, Mil, Fe, Os, Ru, Ni, l‘d, Co, Tt, Cu, Ca, Sr, Ba, Pb. 

III. La, (Jo, Pr, Nd, Min, Eu, (id, Tb, J)y, Ho, Y, Er, Tm, Yb, Lu, Bi 

IV. Al, F(3, Cr,tCo, Mn, Ir, Rh, (la, In, Tl. 

V. Cu, Ug, Pb, Ag, Au. 

Vr. Si, Ti, Ce, Zr, Sn, Pb, Ce, Tb, Mo, Mn, II, Ru, Rh, Ir, Os, Pd, Pt, 
Te('!). 

VII. Nf P, As, Sb, Bi, V. 

VIII. Nb, Tl. 

IX. S, Se, Cr, Mn, W; To (I), As, Sb. 

X. F, Cl, Br, 1, Mn, (ON). 

It will bo observed tlult all the best known elements are included 
in this classification, save oxygen, carbon, boron, and scandium. Several 
of the elements appear in two or more series. Manganese is a case 
in point, occurring in series II., IV., VI., IX. and X., sinc<j its variable 
valency a fiords it special facilities for yielding different types of chemical 
compounds with correspondingly different crystalline structures. Thus, 
as divalent mauganese in Mn() we have isomorphism with CaO, FeO,. etc. 
Trivalent manga.ieso yields alums isomorphous with those containing 
alumifiium and ferric iron, and so on. Further, the above grouping affords 
■considerable support to the usually accepted periodic drfangement of the 
elements (see Chap. VIII.). Thus, the inclusion of silver in the first group of 
the periodic tqblo is supported«by the isomorphism of the sulphates and 
selenates of sodium and silver;' 2 the isomorphism of the chromates and 
sulphates of several W eta Is justifies the inclusion of chromium in the sixth 
group along \fith sulphur; and finally the isomorphous resemblance between 
KCK> 4 an$ KMnO, indicates thaff manganese is correctly placed in the seventh 
group along witl^ the liUWens 3 

Isomorphism and Atomic Weights.—-A study of isomorphism may 
be of assistance in* determining the atomic weight of* an clement when its 
equivalent weight is known. ' Thus, for example, knowing the atomic weights 
of potassium and oxygen, analysis shows that the formula for potassium 
selenate is K.,Se„0 4 , where n is unknown. 

MitscherlicK. concluded, however, that potassium selenate and sulphate 
are isomorphous. From this it follows (knowing the formula for potassium 
, sulphate] that in the former salt v — 1, only one atom of selenium being 
present. The formula is thus KJj»e0 4 . Now, simple analysis shows that the 
salt contains 28-02 per cent, of oxygen and 35 79 per ceht. of selenium. 

p 35.79 

Hence for every 64 parts of ^xygen (4 atonic) it contains 64 x 23*92 = ^ ^ 

parts of selenium (one atom). Thus the atomic weight of selenium is 79-2. 

Classit examples of the application of the law°of isomorphism to atqmio 
weight determinations are afforded by Roscoe’s correction of the atomic weight 

^ c _ _ _____ 

1 Arzruni, rhysika/isfhc Chemic dcr Kryslalle, Viowog, 1893 ; Grolh, binleitung in die 
ehemische Kcystailogrnyhie, Loinzig, 1904. 

•’Mitacherlich, Poqg. Annafav, 1828, 12, 137. 

8 Mitschorlich, ibid., 1832, 25 , 293. 
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.of Tanad : un#(see Vol. Vl.)$nd Lecoq de Boisbaudran’s determination of tfi$ 
-atomic weight of gallium (see Vol. IV.).* 


Barlow and Porn’s Theory of Valency. 


. f/ The researches of Sollas 1 have considerably widened our knowledge of the 
intimate structure of crystals, and paved the way foi* the enunciation by 
Barlow and Pope of a crystallographic theory of valency, which may*be 
conveniently discussed aj this point. According to Sollas, the space occu¬ 
pied by an atom of an element has tho form of a solid of f revolution, 
being in most cases spl^jrical. On the outside of this atomic space a foroe* 
of attraction exists, ft Inch tt;nds to draw all other atoms towards tho space; 
but such atoms arc assumed to be incapable of penetrating or invading the 
atomic space by virtue of a repulsivo force or pressure within. Kquilibriunf 
between the atoms of different elements implies*tho formation of a definite 
chemical molecule, and such molecules are largely dependent for their shape 
upon the number of their constituent atoms. Molecules containing similar 
numbers of atoms may thus be expected to possess similar configurations and 
hence exhibit Certain crystallographic connections. Such, for example, is the 
case with the diatomic chlorides of sodium and potassium, which crystallise 
according to the cubic system and are characterised by cubical cleavage. 
Triatomic molecules, such as calcium fluoride, belonging to the cubic 
system exhibit octahedral cleavage, thereby indicating a different molocular 
structure. • • 

Barlow and Pope 2 have developed these ideas more fully. By a crystal 
they understand “the homnyoneous structure derived by the symmetrical 
arrangement in space of an indefinitely large number of spheres of atomic 
influence.” The attractive forces acting between tlie % ALoins will cause the 
atomic spaces to lie in contact with one another at tho malimiwn number of 


points, andjthe atoms composing a chemical i#ole*eule wilUin consequence, be 
as closely packed together as possible, while the molecules themselves .will 
also pack closely togetlyr into the minimum compass. When a number* of" 
similar bodies are packed with maximum closeness, they aj;e usually foiyid to 
have assumed a homogeneous arrangement. It is reasonable to suppose thfct 
crystals represent homogeneous structures of this kind, Che units com¬ 
posing them consisting of atoms and molecules, and hence that these molcefllar 
structures coincide in symmetry ‘and relative dimensions will* tho observed 
crystalline structures of the crystals. This is a most important assumption, 
inasmuch as theories regarding the arrangements of the atoms mid mWecules 
thereby admit of being pheckcd quantitatively by reference to crystallo¬ 
graphic^ constants* * * 

Tltfe particular constants utilised by Barlow and Pope are termed 
equivalence parameters. They fire denoted by *.r, y, z, mid defined by the 
equations • 1 • 

• a 2 W • / i • 

- - 7 — y la, and z = cy, 

c sin a . sin [3 . sin y 


• , 

1 Sollas, Prov. Jtmj. Soc., 1898, 63 , 270 ; 1902, 69 , 294 ; 1908, 80 . A, 267. 

2 Barlow and Pope, Trans. Chem. Soc., 1900, 89 , 1675 ; 1907, 91 , 11.j0 ; 1^)08*93, 1628 ; 

19J0, 97 , 2308; see also Jaeger, ibid ., 1908, 93 , 517 ; JeinSalem. ibid ., 1909, 95 , 1276; 
Armstrong, ibid., 1910, 97 , 1578. * 
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where a, b, c, a, y are the crystallographic constants defined tn the usual 
manner so that b is cqual*to unity (ft 49), and W is the valency volume of 
, the molecule. 1 ' * 

• Tho factor W, or valency volumo, requires further definition. It is here 
that Barlmv and Pope introduce a geometrical conception of valency. Tho 
sphere of influence of each atom in a molecule is assumed to ho proportional 
to its valency, and i» spoken of us its valoi >*+ volume. Thus, the sphere*of 
influence of each univalent clement, such as sodium, potassium, chlorine, etc., 
is represented by a sphere of unit volume, although, as Barlow and Pope 
show, the spheres of influence of equivalent elements arc only approximately 
equal. Oxygen, of valency two, is represented by a sphere* of twice, and 
carbon by a sphere of four times, the unit volume; afalso on. Tho valency 
volume of a molecule is tho sum of the valene^ volumes of the constituent 
{•toms. In doublo salts a definite relationship obviously holds between tho 
valency volumes of tho several component parts and between that of each 
component and the total valency volume. These relationships in general are 
very simple. Tho alums provide one such example:— 

W. W (total). 

K«S0 4 . A1.,(.S0 4 ) 3 . 2411,0. 12 + 30 + 9(5 = • 144. 

(Nig.;s0 4 . A1“(S0 4 ) 3 . 2 til./). 24 + 36 + 90 = 156. 

It should bo emphasised that it is the relative volumes of the spheres of 
atomic influence of tho atoms in a molecule that are supposed to be approxi¬ 
mately proportional to the valencies of the atoms, the absolute magnitude of 
the sphere of influence of an atom changing considerably according to tho 
molecule in which it finds itself. 

The comparison of the crystalline structures of chemically allied substances 
is termed morfiiotro])i/. The comparison is usually carried out by reference 
to tho topic axial rath .^ 1 of allied, isomorphous substances. Barlow and Pope, 
howover, compare The et/u [valence parameters, even when the allied substances^ 
are not isomorphous, provided#that the corresponding axial angles do not 
differ greatly, ^fhey Knd that when allied substances are thus compared, the 
corresponding equivalence parameters are frequently#,very nearly equal. In 
the absence of an.eqiyilly good example amongst imvganic substances, the 
data for eamphpr and a number of its derivatives, as given tyyjlarlow and 
Pope, may be quoted :— 2 


# 

X 

y 

z 

Camphor. 

a-dibromocamphor . # . •. 

/3 dilnomocamphor . 

a-7r dibromocampliot 
/3-monobromotamphor « 

• 

2 9943 
2*5)9.'>9 
3*0107 
2*945)8 
2*9084 • 

3*4577 
3**4949 
3*4832 
& *4400 
3*5382. 

• 

5 6021 
• 5 5395 
* 5*530S • 

5*7156 ' 

5 6363 


1 If digamies x, y, z be measuied along the crystallogftqitiic axes and regaided as the 
Ooterminous edges of a parallelopiped, tho volume of this solid is equal to W* If, in the 
above equations^^W be replaced by V, the giM n-molccular volume, then the new values of 
y, z, usually dt noted by +, p reduce lively, are called the topic axial ratios or tho 
molecular,distance ratios of the < rvatal (Becka, Anzager K. Akad. Wiss. Wien , 1893, 30 , 
204 ; Muthmann, Zcitsth. Kryst Min.. 185)4, 22 . 497 ; Tlittou, Trans. Chem. Soc., 1824, 

■ 65 628). • , 

3 Barlow and Pope, Trans. Chem. Soc ., 1906, 89 , 16£5. It may be remarked that owing 
to the arbitrary manner in which the pyramid face (ill) is often selected, and, in the case 
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The possibility of assigning almost the same sets of equivalence parameters 
to each member of a series of allied substances is»held to be good evidence 
in favour of Barlow and Pope’s 'original* assumption concerning valency 
volumes , 

Tlie phenomenon of isomorphism is explained by the equality of valency 
. volume shown to exist between the replaceable constituents in a crystal. For, 
regarding a crystal as a homogeneous, closely packed assemblage of spheres 
of atomic influence, if similarly environed spheres or groups of spheres be 
removed, cavities are left which can be occupied by a diil'eivnt set of identical 
groups, provided their %otal volume is the*same as that of the spheres 
removed, or so nearly the same as to require no alteration of«ho original 
arrangement of the* Chores. That is to say, the valency»volumeB of the 
replaced and replacing groups must he nearly the same if the original form 
of the crystalline structure is to bo preserved. An example is provided by 
the isomorphous compounds K.,S() 4 , Ub,S0 4 , and Cs 2 S0 4 , and K J Se0 4 , Kb/teCB, 
and 0s 2 SeO 4 , the equivalence parameters being practically the samo for each 
series. Again, the isomorphism of the two substances albife y <N r aAlSi, t O g , and 
anortMte, (JaAl 2 Si 2 0 8 , so difl'erent in composition, receives ready explanation 
Tn each cast* the total valency volume is .‘1*2, and NaSi in # albite can be 
replaced by the group ('aAl to produce anorlhite without alteration of 
structure, because the valency volume of HaSi (namely 5) is equal to that 
of CaAl. 

The explanation of the valency as a function of the volume in which the 
atom or group of atoms exerts an influence, proceeds from the results’which 
Barlow and Pope obtained on examining the geometrical properties of 
assemblages of spheres. The first and simplest application, described in 
the preceding paragraph, explains equivalency and isomorphism. A second 
property discovered is that if a sphere of volume m js replaced by one of 
volume m + n, then any expansion of tin* assonibl;tgc*bn*ighl about by the 

* insertion of the sphere of larger volume does*not require an alteration in 
the distribution of the spheres as a whole, provided that, in addition to the 
larger sphere, one or more spheres of total volume n are inserted at the*si»,me 
time. Close packing is, by such a process, restored without alteration of 
the original arrangement. Applied to chemical substitution, if for hyifrogen, 
carbon of tohime 4 is inserted, then 3 hydrogen atoms* or d nitrogen atom, 
or 1 hydrogen and 1 oxygen atom, must accompany the carbon atoyi, if 
alteration of structure is to Uc avoided. The valency relations between 
groups of elements is thus revealed, Ti being seen to ho tile equivalent of 
Clf s , of CN, or of OH. The close similarity of crystalline fown between tho 
chemically very difl'erent substances NaN(). { and CaC<) 3 is to be explained, 

• according to Barlow and Pope, by this relationship. For if, in the rhom- 

boha&ftal structure of crystalline jNaN0 3 , Na of unit volume is replaced by 
Ca of volume 2, a gap is prodqped which can only be closed without alteration 
•of the structure by*tho introduction of an additional valency volume. This 
is accounted for by the suggestion that N of volume 3 is replaced by 0 M 
volume 4, giving rise tef cftlcite. • * 

The dnultivalency which certain^ elements exhibit is explained somewhat 

oforystalsof low gftidesof symmetry, to the ariVrafy manner in which the directions of 
some or all of the crystallogiapliie axes may he chosen, a ceitain atqpunt of mathematical 
manipulation of published data is often necessary to biiii" out the rcscnihlaaces. In the 
examples quoted above the derivatives of camphor aie orthorhombic; camphor is hexa¬ 
gonal, but has, nevertheless, been referred to three mutually perpendicular axes. 


78 M01>ERN INORGANIC OHEMm'fef, 

Similarly. For the repiauumeiin or an acorn or v^iency m ny qiie ofc valeilcy' 
m 4-1 necessitates anothen atom of valency 1 being insorted with it. Instead' ’ 
of the atom of valency m-V 1, tin? original atom of valency m together with 
&v. atom of valoncy 1 may bo inserted. Thus, an atom of valency m may 
act as if it had a valency wi+1 + 1 or m + 2, while its sphere of influence 
retains the volume appropriate to an atom of valency m . 

Similarly, if two,atoms of valoncy 1 aro*foreed into the cavity with^ffho 
original atom of valency m, one or more atoms of total valency 2 must be 
inserted to proserve close packing without rearrangement. In this case, 
the original atom of valency *m functions as of Valency m + 4. Thus an 
flxplanatiomis afforded of tho fact that the several valencies of multivalent 
elements generally differ by two or multiples of two ^p, 285), as in tho poly¬ 
iodides, e.(j. Csl, Csl 3 , Csl 6 , CsI 7 , and Csl 9 . ' 

«, A further discussion of Barlow and Pope’s theory cannot be attempted 
here, but it should be pointed out that numerous objections to this as to 
every other theory of valency may be brought forward. 1 

Tiie Colloidal State . 2 

Introductory.—If a dilute solution of sodium silicate is poured into an 
excess of hydrochloric acid, no precipitate is formed. Whdh, on the other 
hand, concentrated hydrochloric acid is mixed with a concentrated solution 
of sodium silicate a white gelatinous mass of silicic acid is produced. An 
. obvious explanation is that the silicic acid is but sparingly soluble in wator 
and, whilst not readily precipitated from dilute solution,*it separates out if 
concentrated. After studying the problem, Graham 3 came to the conclusion 
that such an explanation was u if tenable; for, on pouring the dilute solution 
of silicic acid into a small dish made of parchment and floating it in water, 
he discovered thaf wJ.ile the sotjuim chloride diffused through into tho 
water below, tfhe silicic acid ^remained behind in the dish, thus proving that* 
it was not an ordinary aqueoul solution. In view of this, GraltUm termed 
siliqifc acid a coif aid. 4 Sodium chloride, and all other similar bodies that 
were capable of diffusion through parchment were (Sailed crystalloids, and 
the mCthod of separating crystalloids from colloids diffusion was termed 
di&lym. * • « • 

A colloidal solution is usually termed a sol. If water is the liquid medium, 
the solution is known as a hydrosol : if ajcohol, an alcosol ; if glycerine, 
glycerosol; or tfne more general term organosol is employed when the medium 
consists/)f some organic liquid. All liquid media in colloidal solutions are 
known as dispersion media, whilst the colloidal substance itself is termed tho . 

1 T. Y. Barker, Trans. Chemt Soc ., \912, ioi, 2484 ; 1915, 107 , 74/*’; T. W. Richards, ' 
J. Amer. Chem. Soe., 1918, 35 , 381 ; 1914, 36 , 1686. Compare Barlow and Pop e^ibid., 
1914, 36 , 1675, 1694. 

2 The literature on 'this subject* is very volummou^, and tho reader wishing to pursjie 
ttye study further is recommended to consult the folio whig wfcrks :— 

Poschl, The Chemist)y of Colloids, trans. by II. Hodgson {Griffin k Co., 1910); Wo. 
Ostwald, Orundriss der Kolloideheml< (Dresden, 1909); A.filler, Allgcmcine Chemie dvr 
Kolloide (Leipzig, 1907); Zsigmondy, Vber Kolloidchemie (Leipzig, 1907); Proctof, Colloidal, 
Chemistry {Brit, ^issoe. Rep , 1908, or Chem. 1 Slews, 1908, 98 , 152); and Zntschrift /Ur. 
Chcmie un*l Industrie der Kolloide, <?dite<l by Wo. Ostwald, Leipzig. Hatsehck, Jntroduc- 
, Hon to the Chemistry and Physics of Colloids (Churchill k Co , 1913) ; Burton, The Physical 
- Properties of Ctd.loided •Solutions (Longmans k Co , 1916); Ostwald, Colloid Chernistiy, 

, translated fry Fischer (ChurchiP k Co., 1916). 

8 Graham, Phil. Trans., 1801, 51 . 204 ; Ann aim, ,1862, 121 , 1 ; Ostwald’s Klassiket, 
No, 179 (1911). 4 From (Ik. koAa«, glue. 
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disperse plume. ' It is n9t necessary that the medium shall be. a liquid) for 
oolloidal solutions in solid media are kiwwn, such w of gold in glass. 1 

General Occurrence of thfe ColloMal State—So many colloidal 
substances have now boon prepared, among thorn many substances which 
exist ordinarily as crystalloids, that tin: colloidal stale "may (je regarded' as 
a general state of matter into which all solid sub-gancesj Ruder' suitable 
conditions, may be brought. 4 bo earliest studied coljoids were largely* of 
organic character, such as white of egg, gum arabic, dextrin, caramel, etc. 

Substances yielding Colloidal Solutions. — Besides numerous 
organic bodies the following inorganic substances yield colloidal solutions s 

1. lhe elements’, phosphorus, sulphur, soleniutn, silicon, and boron, t(^ 
gether with almost aJlAhe inotals. 

2. Sulphides of selenium*tolluriuiii, tungsten, arsenic, antimony, bismuth, 
zinc, cadmium, tin, lead, iron, cobalt, nickel, copper, iridium, mercury, silvoa 
gold, palladium. 

3. Oxides and hydroxides : phosphoric silicic acid, arsenic acid; 
magnesium, lanthanum, and yttrium hydroxides. Hydroxides of glueinum, 
aluminium, zirconium, thorium, titauiutn, tungsten, molybdenum, chromium, 
manganese, carimn, didymium, erbium, bismuth, tin, lend, copper, iron, gold, 
cobalt, nickel, silver, mercury. Oxide of barium and vauadiuni peutoxido. 

4. Salts, e,ti*\ Chlorides of sodium and lead, mercurous chloride, sodium 
carbonate. Sulphate, phosphate, chromate and carbonate of barium. M >lyb- 
donum blue, tungsten blue, gold purple, Jierlin blue, copper fcrrocyanidc. 

Since 1907 many other inorganic substances have been prepared in the 
colloidal state, artiong them graphite, 3 sodium bromide and iodide, and 
potassium chloride, bromide, and iodide. 4 

Preparation of Colloidal Solutions.•-Colloidal solutions of inorganic 
substances may be prepared in a variety of ways, of which the following 
are typical:— 

• I. Elements. — (a) By the action of manj mjucmg agents, suen as tannic 
acid, pyrojjillol, a solution of phosphorus in # ether, formaldehyde, hydrazine 
hydrate, hydroxylamine, otc., on very dilute solution.^ of metallic salts'^, 
of gold and silvor). • 

(b) By the additidh to tli$ disperse medium of * small quantity of a 
solution of« the substance in another solvent. *Tlms, dollokhil •sulphur t>r 
phosphorus may be prepared very simply by adding a solution of the element 
in alcohol to a large bulk of wat<$r. 5 

(c) By an electrical discharge under pure water betweoif poles of the 
metal or other clement. 6 In this way colloidal Ag, Ft, Au, (Jd, and 8 
have been prepared. 

. (d) By the disintegrating action of utyra-vi^let liglit on the element, 

whicl^rs covered }>y the disperso medium (e.g. Ag, Cu, Su, l’b) 7 

• •* According to Tammann’s view®f the amorphous slate (p. 47* gla-s is a supercooled 

liquid. 2 Xeo P. Rohlaud, Kolloid Zcdsch., 1907, 2 , 53. 

3 Acheson, J. Franklin Iyst*, 1907, 164 , 375. # . 

4 Paal and Kuhn, Ber., 1908, 41 , 61 and 58: l’aal and Zahn, ibid., 1909, 42 , 277 
and 291. 

8 von Weimarnand Maljislieff, J. Itnss. rhys. Chan. Sue., 1910, 42 , 48§ ; von Woimarn 
and Kagan, ibid., 19J0, 42 ,480. • • * 

* Bredig, Zeitseh. angew. Client ., 1895, p. 951; Bredig and Muller von* Bcnieck, 
Zeitseh, physikal. Chem., 1899, 31 , 258; Bredig, ibid. , 1900, 32 , ; M iWer^md Nowa* 

. kowski, Ber., 1905, 38 , 3779. • 

• * Svedberg, Ber., 1909, 42 , 4375* Zeitseh. Chem. Ind. Kolloide, 1910, 6 , 129. 
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(e) By stirring the finely divided element with' an aqneou* solution of 
an organic colloid («.</. graphite with Actinic acid). 1 . 

II. Hydroxides.—(&</ 'Kc(01f) 3 aiid AT(< >Il). i ) By hydrolysis. A colloidal 
solution of ferric hydroxide, for example, is readily prepared by adding 5 c.c. 
of 33 per cerd. ferric chloride solution to a litre of boiling water, and removing 
the chloride remaining, as well as the hydrochloric acid, by dialysis. 

III. Sulphides.—JKg. As.,S 3 and Sb 2 S 3 .) ‘-By the passage of sulphure^d 
hydrogen through certain solutions; for example, a solution of arsenious 
oxide in water. 2 

IV. Salts .—By chemical interaction in organic solvents. Thus, colloidal 

sodium chloride has been prepared by the interaction of ethyl-chloro-acctate 
and sodio-ethylmalonate in benzene or ether. 3 i f 

The solutions so prepared are in most cases very dilute. It is possible 
to separate the colloidal substance by centrifuging the solution and filter¬ 
ing, or by special filtration processes (see p. 81), and the solid substance 
so obtained may bo again converted into a colloidal solution by shaking with 
the dispersion -medium. 

In appearance, sols may appear clear, turbid, opalescent, or fluorescent 
according to ,their nature and the mode of preparation. • The metallic 
hydrosols often exhibit beautiful colours, as, for example, the famous “ Purple 
of Cassius,” 4 and the various forms of colloidal silver. 6 * 

Nature of Colloidal Solutions. Solution or Suspension?—The 
question whether any supposed solution is a true solution or only a suspension 
may bo tested in various ways, such as by allowing the liquid to stand for 
some time, by filtration, by microscopical examination/' and by Tyndall’s 
method. The last-named test consists in passing a powerful beam of light 
through the solution, and its ctflicacy depends on the fact that if a space, 
whether liquid or gaseous, is devoid of suspended particles, the beam is not 
seen during its aAtiuri transmissiyu through the medium. When particles 
are present, tlio beam is rendered visible, a glow being apparent in the liquid,- 
and, on emergence, the light is found to be polarised. Pieton afcd Linder 0 
found that collftdal solutions could bo preserved as such for a long time, that 
they could bo passed unchanged through filter paper, Und in most cases yvere 
quite*void when eXhmiwcd under the microscojx;. The*Tyndall test, however, 
clearly showed the preparations to be only suspensions. An ingenious appli¬ 
cation of Tyndall’s method was made by Sicdentopf and Zsigmondy 7 in the 
construction of the ultra microscope, in whiph a very powerful beam of light, 
either from anarc lamp or from the sun, is concentrated on and mado to pass 
through a little of tho sol contained in a small quartz cell. Through a micro¬ 
scope the line of vision of which is at right angles to the beam of light, the 
particles present are seen ,by moans of the light they reflect, and their size, 
and number can be estimated. By means of the^ ultra-microscope c^oidai 
solutions, of inorganic substances, at any rate, have been proved to consist 
of suspensions of particles in Tery fine, but varying stated of division. , , 


1 Aclicson, loc. cit. 

* 5 Pieton and Linder, Trans . Chem. Soc. t l^d, 6 i, 137 and 148. 

* 8 PaaJ and hfilhn, loc. cit. • 4 See Vol. II. of this series. 

8 See Carey Lea, Kolloides Silbci■ und die rfrotohalide (Dresden, 1908). 

6 Loc. cit. t ' 9 

7 Siedwtopf and Zsigmondy, Ann. T/iysi/c, 19o3, [iv.]. io, 1 ; Siedcntopf, J. Hoy. Micros 
Sac. , 1903, p. 573 ; Zsigmondy, Vcrsamvih-ng dcutsc/ier Nalurforscher , Hep. 85 (Wien) 
Siedentopf, Kolloid-Zcitsch. , 1913, 12 68 . 
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The Size of Colloid* Particles. -^-Various methods have been devised 
for the determination of the approx i mat upsize <*f the particles in colloidal 
solutions. Two of these are described here. 1 ' , • 1 

(a) Ultra-Filtration. —Bechhold 2 lias constructed a scriog of filters * of 
different degrees of efficiency and measured the sizes of fhe pores they 
cop tain. The filters were made* by soaking filter papery either in a solution 
of collodion in acetic acid, afterwards washing with water, or in gelatine 
(of various concentrations) which was subsequently hardened by formalin. 
Such filter papers posssssed pores of diameter varying between 930 and 
21 x 10~ 6 mm., and by their use, Bechhold was able to classify, the various 
colloids according to tjio sizes of their particles. In the following table the 
colloids aro arranged in order according to the* sizes of their particles, the 
targest being placed first:— 3 


'’LASSIFICATION OF COLLOIDS BY SIZE. 

(Ultra-Ftitration Process). 
Colloidal Platinum. 

„ Ferric Hydroxide. 

„ Arsenious .Sulphide. 

„ Gold. 

1 per cent. Gelatine. 

Colloidal Silicic Acid. 

Litmus. 

Dextrin. 

Crystalloids. 


(b) By the Ultra-Microscope .—Tho waj in wliicli this maw be done can 
’be host illustrated by an example studied Ify Burto«. 4 A solution o 
colloidal silver containing 6*8 mgms. silver per l()()*c.c. w^is diluted* one 
hundred times. Of thjs solution, 0 01 c.e. was examined in an instrument 
working on the samc # principlo as the uUra-mieroseojx', ^nd the number ol 
particles counted, this numbSr being 300 Assuming J,ho jiarfcicles to be 
spherical afid*the specific gravity of silver to he 10*5, the average radius of 
the particles was found to bo 1*7 x ~ 5 cm. The average size of*the 
particles in colloidal solutions of* platinum, gold, and silver, mas found to be 
2 x 10" 5 to 6 x JO 5 cm. 

The smallest particle capable of being detected under the*most* favour¬ 
able conditions (bright sunlight) in the ultra-microscopo has a diameter of 
4 x 10"* mm. 1 rt.comparison with this, the following molecular diameters cftl- 
culatwTon tho basis of the«kinetic th ;ory furnish an interesting comparison:— 


• « 

Chloroform } 

Ethyl alcohol 
Carbon dibxldc . 
Hydrogen . 


. 0 § x 10“' mm. 
. 0 4 x 10 * „ 

. (?*28xl0~ 8 „ 

. 01 xl0' fi „ 


1 For other mothods see V. Henri, Trans*. Faraday For., 1913, 9 ,.47. 

8 Bechhold, Ze.itsch. physical. Ohem ., 1907, 6o, 2r>7. * 

) 8 An earlier process used for a similar {impose by Ihefbn aud Linder consisted*in 
filtering the liquid through porous clay cells. 

4 Burton, Pfyl. Mag., 1900, [vi.], II, 425. 
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The ran go of vision of the ordinary microscope is limited to “particles 
of sizes ranging from 400 \ 10 -8 to 8o0 x 10~ fi nun. 

It' is possible to obtain some idea of the size of colloidal particles 
by a study of the freezing-points and of the osmotic pressures exerted by 
colloidal solutions. From freezing-point determinations it has been calcu¬ 
lated that the molecular weight of ferric ^hydroxide ranges from 490<^ to 
5400 in solutions containing from 2 - 6 to 1’16 per cent, of colloid; whilst 
6ilicic acid yields an even higher result for its molecular weight. The 
practical ditlioulty in carrying out these experiments, however, lies.in 
the oxtrciyo smallness of the observed osmotic pressure and. freezing- 
point depression, m consequence of which small errors due to the presence 
of traces of impurity exert an unduly large effect upon the accuracy of 
( the results. 1 

The Motion of Colloid Particles. The Brownian Movement. 

—In 1827 Hubert Brown, a botanist, observed that minute particles 
exhibit a peculiar vibratory motion when suspended in a liquid. This 
Brownian movement, as it is called, is characteristic of colloidal solutions 
and can be readily observed by means of the ultra-microscope. The move¬ 
ment is slow,’persistent, and irregular, as is well seen by photographing the 
movements on a cinematograph film; 2 * it is independent of, such conditions 
as vibration, intensity of illumination and convection'currents; and seems 
to depend only on the size of the particles and upon the temperature and 
viscosity of the fluid in which they arc suspended. 8 

It was suggested by Wiener and others that the Brownian movements 
are to he attributed to the molecular motion of the fluids, of which the 
particles thus act as indicators. This suggestion was developed by Einstein 4 
into a mathematical theory, capable of experimental verification without refer¬ 
ence to the actual* velocities of ihe particles. The correctness of the theory 
has been strikingly demonstrated by the experiments of Perrin upon suspen- r 
sions of, gam huge Hmd mastic On water, glycerol, and aqueous solutions of 
sucrose, urea, and glycerol; and by the subsequent work of Millikan, Sved- 
berg, Seolis, Noidltind, and others. 8 

The study of Brownian movement is therefore of great theoretical import¬ 
ance. Nob only does it afford most striking evidence of tlip reality of 
molecules, hut it enables the value of Avogadro’s Constant, is. the 
number of molecules (N) present in a gram-molecule of gas, to be deter¬ 
mined. The Evaluation of this constant has been effected by Perrin in four 


1 See Gladstone and ITihbert, Phi 7 May. , 1889, fv.], 28. 38 , Lillie, Anier. J. Physiol., 

1907, 20 , 127, Monio ami llwththi. J , 1906, 2 , 34; Lmcluiger, Amer. J. Sd.f 
1892. [111 ], 43 , 218 ,u 

2 V. Jlmm. Ci/mpl. rend., 1908, 146 1021 ; 147 , 62. 

8 Wiener, Pm/y. '\nnabn, 18C3, 118 , 79; «L waft, Proc. Mint Chester Lit. Phil. Soc ., 
,3869, 9 , 75; Chem Mc>t\ 1871, 21 , 60 , Gouy. «/. detyhyshjne, 188 s, 7 , ,661. * ‘ 

4 Einstein, Ann Phys/l, 1905, |iv.], 17 , 049; 1906, [n.J, 19 287, 371 ; 1907, 
[iv.], 22 , 069 ; Smolm.dnnvt.ki, ibul\, 1906, pv.J, 21 , 706; L.nigewti, Cow pi. rend , 1908, 
146 , 3.60. 

p Perrin, Cqr'ipL rend., 1908, 146. 1)67 ; 9908, 147, 476; 19Q9, 149 . 475, 530 ; 1911, 
*152, 1880, 1.6On , Ann. Chun llnj? , 1909, [\ni.J, 18. ,6. (A translation, by buddy, of the 
memoir 111 the A/males has been published by Taylor & f ramus, I910f, Sliaxhy and Emrys- 
Roberts, Proc a Poy.i Aur,, 1914, A. 89, .644; Millikan, Physikal. Zntseh., 1913, 14,796 ;' 
Svydberg Ibid Inonye, Arkir »Vrm. Min. (leol ., 1911, 4, No. 19; See I is, Zcitsck. physikal. 
Chem , 1914, 86, 682 ; Nordlund, tbui., 1914, 87, 40 ; r Iljiu, ibid,, 1914, 87, 366 ; Svedberg, 
Die ExUtcnz der Moltkide (Leipzig, 1912). L 
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distinct ways, each based *ipon the theory of the Brownian movement. The 
results, which were closely concordant, #nd 114 good agreement with the 
values derived from totally different theoretical considerations, lead to the 
conclusion that N = 70*5 x 10 23 . Other observers have obtained the following 
results for JS': Millikan, 60 0x10-- ; Svedberg and Inou^e, 62 0 xlO 23 ; 
Sqelis, 72 x 10 - 2 ; Nordluud, 5J> 1 x 10--. 

'The Electrical Properties of Colloidal Solutions. Cataphoresis. 
Precipitation or Coagulation of Colloids.— If a glass tube about 
3Q cm. in length bo bynt into the shape wf a V, Idled with a colloidal 
solution of arsenious sulphide and a current at 60 volts be .passed fiojji 
platinum electrodes Jhrough the solution, in the course^nf an hour the 
liquid round the negative pqle will bo found quite clear and the clear space 
will gradually extend down the tube as time elapses. The arsenious sq}- 
phide is found deposited on the positive pole. Evidently the colloidal 
arsenious sulphide particles must be negatively electrified. This phenomenon, 
which is called either “electrical osmose” or “ cataphoresis,,’was found by 
Picton and Linder 1 2 to be of general occurrence, some colloids being nega¬ 
tively, others positively electrified. The following table gives the electrical 
character of a number of colloids suspended in water:— * 


Electro-Positive. 
Ferric Hydroxide. 
Chromium Hydroxide. 
Bismuth. 

Lead. 

Zinc. 


Elcvtro-Negative. 
Arsenious Sulphide. 
Antimony Sulphide. 
Platinum, 
imi/i 


The polarity depends not only on the disperse pha^o, l^ut also on the dis¬ 
perse medium. Thus, the metallic hydroxides and silicic acid are charged 
positively when in water, but negatively in turpentine. • 

The fact that the colloidal particles carry definite charges is strikingly 
brought out in the stilly of their precipitation or coagulation, which can bo 
brought about by tluj addition of very small quantities yf fleet roly tew. In 
the following table, prepared* by Fnmndlleh,- Who minimum concentrations 
of variousfcaft solutions icquimi to produce complete coagulation of As,S g 
after two hours are recorded, the concentrations being expressed in gfam- 
molccules per litre of solution, except for K 2 S0 4 , IL,S0 4 , and Ot,(SOj) 8 . 


Electrolyte. 

1 Ctaicenlr.it ion. 

Electrolyte. 

• • 

... 

Cimceiitraljon. 

* LiCl . 

• 0-0815 

CaCl. 

O-OOn'.iOf) 

NaCI . . • 

' 0-0T12 

< n( N’U ,1 ,• . 

* 0‘00095 

KC1 . 

. O tjfclll 

n.e!., . 

1 ) ooi'Shr* 

i K..S0 4 . . 

0-0015 

Znl‘1., . 

0 00090 # 

NlI 4 Cl . 

. • 0 0591 

AlCl. •. 

0-00013 

H(«l 

, 0 0120 . 

Al(NO,l.. . . 

0-00014 

sn„>i0 4 . . . 

i 0-0120 * 

At e.fSiq), . 

0 H0O18 

M«a, . 

j 0-0010 

fl'iNOji, . . 

0 00013 • 

■ 


1 Picton and Linder, Tram. Chein Hoc., 180‘J, 61 . 148 ; 1807, 71 , 508. 

2 Preundlich, Zatsch. yhysikal. Ohm., 1908, 44 , 129. 
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Theso figures clearly prove what Schulze 1 had previously %uad, that 
the precipitating effect or,» a negatively ..charged colloid is dependent on. 
anfl increases with the valency of the positive ion; also, that the pre¬ 
cipitating agents which yield the greatest concentrations of ions at a given' 
dilution are most effective, so that the mineral acids have a much greater 
precipitating power than the organic acjds. In analytical chemistry 
the formation of colloidal solutions of arsonious and antimony sulphlSes 
is prevented by passing hydrogen sulphide into solutions acidified with 
hydrogen chloride * ^ 

, Whilo tlje precipitation of the negatively charged colloid is dependent on 
the positive iop of the added electrolyte, the positively charged colloid, 
as might ho expected, is influenced mainly by,.the valency of the negative 
ipn, 2 as the following figures for ferric hydroxide show :— 


Electrolyte. 

Concentration. 

Electrolyte. 

Concentration. 

NaCl 

0-00925 

K„SO, . 

0‘{‘0020 

AlkCl. 

•00964 

MgSO, . . . 

•00022 

KNO, . 

*0119 

K 3 Cr.t),. 

«*00019 

il!a(NO.,) a . . 

•0110 



Hero the divalent negative ions are much more offective J;han the monovalent. 

Finally, as might be presumed possible, two oppositely charged colloids 
can precipitate one another. r fhis was proved by Biltz , 3 tvho sjiowed that 
arsonious sulphide is precipitated by tho addition of ferric hydroxide 
hydrosol, the precipitate or gel containing both substances since the electrical 
charge of each is neutralised by tlt.it of the other. 

From what h»j been said,«, it will appear that a colloidal solution of 
suspension onlv remains as such so long as the particles are‘ electrically 
charged. 

Adsorptive ?Ower of Colloids. —When a colloid is precipitated from 
iba solution or suspension by an elect roly to, tho precipitate always contains 
a definite amount of the ion to the specific influence of which £re‘oipitation is 
dud, the quantity retained being proportional to the equivalent of the ion. 
Thus, Whitney and Obcr 1 found that the precipitate obtained by the action 
of barium chloride solution on arsonious sulphide sol had the composition 
( J0As„S! t f ITti, the barium being present as hydroxide. When this precipi¬ 
tate in turn was washed with calcium or strontium salts, the barium was 
replaced by equivalent quantities of theso metals. As the QOagulum contains 
the positive ion, which cannot he removed by washing with water, tli* liquid 
becomes acid in character qjicl the acidity ran be determined by titration. 

,The phenomenon, which was first noticed in t^lloida by Linder and Pieton/ .is 
known as adsorption , and in character is very similar to the adsorption of 
gases by charcoal (see Chap. III.). For any given substance, the extent of 

* 1 Sclfulze, /. praH. Chtm ., 18OT, 2% 431 ; 1883, 27 , 320. 

3 Huhly, Zeitsch. physical. Chtm ., 1900, 33, 385. 

3 W. pilt 4 Her 1*904, 37 . 1095. 

* Whitney and Ober, J. timer. Chtm. Soc. 1901, 23 , 842; Zeitsch. physikal. Chtm., 
1902, 39 , 630. c 1 ■ ■*' 

5 Linder and Picton, Trans. Chcm, Soc. , 1895, 67 , 63. 
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adsorption <s connected^with the concentration of the precipitating electrolyte 
by tho following formula 

o.-*£ 

whero C 0 and C 6 denote the concentrations of the electrolyte in«Ehe precipitated 
crjloid and the solution respectively; }i and p are constants, to be determined 
by experiment, for any given temperature. f - 

Differences between Organic and Inorganic Colloids.-^Tho 
properties of colloids which have been described above are mainly those Of 
inorganic colloids. Organic colloids differ m several respects and are clo|er' 
in character to trijet solutions than are inorganic sols. 'JJiey usually show 
the Tyndall effect, and visible particles may generally be seen through the 
ultra-microscope. They do not, as a rule, show am electrical character i^id- 
are only precipitated by the addition of large quantities of electrolytes; but 
many of them acquire a charge in the presence of a small quantity of an 
acid or an alkali. They will then move in an electric fiejd, and undergo' 
precipitation by electrolytes like the colloidal suspensions (i.e. inorganic 
colloids). 1 ^gain, an organic colloid with water gives a mixture which is 
viscous and can become gelatinous (converted to a jelly, ai? with gelatine), 
whilst inorgaific coljoids (suspensions) are not viscous and do not gelatinise. 
Since also these organic colloids give colloidal solutions by mere contact 
with water, they are called reversible colloids , whereas the inorganic colloids 
are irreversible , since they cannot, after precipitation, bo directly converted 
again into colhmfcif solutions by tin* same means. 

Those colloidal solutions which are characterised by tho definite electrical 
charge the disperse phase assumes, by their easy coagulation by electrolytes, 
their comparative rarity in Mature, and by the general necessity of first? 
producing a certain degree of artificial subdivision b%for<*they can be formed, 
are sometimes termed solutions of lyophobip colloids. Ill general, the 
inorganic colloids are lyophobic. Tho oth?r colloidal mentions, characterised 
by lack of definite electrical charge on the disperse? phase* by a wide* jau^e 
of stability in tho •presence of elect roly ies, by the frequency of their 
occurrence in Nature, and Ijy the facility with which th« disperse phftso goes 
spontaneously into colloidal solution, are called*so]uturns of lyophyllic colloids. 
In general, the organic colloids belong to this class. 

Importance of ColloidaJ Chemistry.— -A study of the colloidal* state 
is of importance both from the theoretical and practical standpoint in 
chemistry. It has afforded convincing evidence of the realty of^molecules 
and provided evidence of the correctness of tho assumptions made in the 
Kinetic Theosy. It is not very easy, to differentiate sharply between 
„ solutions of crystalloids or true solutions, or colloidal solutions or sufif- 
pftisions, any difference*being one of degree only. Thus, ordinary colloidal 
, particlos can be Removed from solution by*the Bechfiold filters; colloid*, 
both organic and inorganic, can be retained by parchment* dialyseis; 
whilst, finally, one may regard the molecules of a crystalloid such as 
sodium* chloride or sucrose as filtered or retained by a membrane Of 
copper ferrocyanide. * . o 

From the practical standpoint, the properties of colloids are of importances 
in connection with medicinal preparations, glass an<j ^arthenw^o *»•»”- 


• 1 Ilardy, loe. at. 
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facture, and*dyeing processes; also in explaining the? action of sipaps 1 and 
the setting and hardening 0 /foments, «jtc. * 

, #■ 

* .Specific Heats of Elements and Compounds. 

Introductory.— The heat capacity (<J) of a body is the amount of heat 
inquired to raise its lepiporulure one degree centigrade. If the absorption/^ 
H units of heat raises the temperature from t x ° to /./, the mean heat capacity 
(C m )*of the body between t x and t.fi is given by 



The specific heat (Q) of a substance is the lieac capacity ot the unit of 
m$ss, i.e. the amount of heat required to raise the temperature of one gram 
of the substance through one degree centigrade. When the specific heat of 
a substance at t 0 is referred *to, it is understood to mean the heat absorbed 
by one gram between ( t - O'S ) 0 and (t + 0‘5)°. This is an important point, 
since the specific heat of a substance varies with the temperature. Tho mean 
specific heat of a body of mass m over the range t x to C-is obviously 
given by tho expression 

II 

m m(t 2 ~t x ) 

Tho atomic heat of an element is the product of its atomic weight and 
specific heat. Similarly, the molecular heat of a substahiV, elementary or 
compound, is the product of its molecular weight and specific heat. 

The O.U S. up it of heat , in terms of which specific heats are expressed, is 
the gram-calorie, (cal.), or the amount of heat required to raise the tempera¬ 
ture of one gram oi- witf.er through t ,one degree centigrade. Sometimes the 
gram-calorie at *15° 0. is chosen, sometimes that at 20 ° ( 1 , and at other times 
the mean gram-caloric between (f C. and 100° C. is adopted. These units 
diftefrfrom 011 c up ether, ^nut only very slightly. 

Since, then, water is the standard substance, it is important to determine, 
with th?! utmost accuracy, the variation of its specific hoik with the tempera¬ 
ture?. This pVoblnn h*as been''attacked by numerous invest igator.» ;dhe most 
trustworthy results are probably those of Callendar and Barnes,- and of 
Callendar . 3 According to the last-named investigator, the formula 

Q = 098530 + 0-50 \j(t + 20) -f 0-000084C + O'OOOOOOW 2 

« • 

satisfactorily represents the specific heat of water, in terms of the calorio at 
20 °, at all temperatures between, 0 ° arid 100 °, and yields Results in closo 
agreement with those obtained by Callendar and Barnes . 4 These are ^iyen 
in the accompanying table. The unit employed is tlfe calorio at 20°. fi 

‘ 4 See Sjiinig, Ball. Acad. roy. Bely., 1909, i>, Is?; Mfc, true, c/twi ., 1909, 28 , 424 ; 
Bull. Hoc. dnm. Bclg., 1910, 24 , 17 ; MTuin and Martin, f'rqns. CAevi, Soc., 1914, 105 , 
957. 

u Callendar and Barnes, Phil. Trans., 1902, A, 194 , 55, 149. 0 

< 3 Callendar, Phil. Tians., 1912, A, 212 , 1 ; J'roe. Boy. Soc., 1912, A, 86 , 251. 

4 Callenttar and Barnes, loc. n't. , and “Calorimetry " in Eunjelopuediq, Bntannica. 

6 For other investigations see, Birtoli and SlWciatt, Bclblatter, 1891, 15 . 701; 1898, 
17 , 642, Id03; Bolt mens, dell’ Arc (iiocnia, 1891, 18 , Ajml 20; Griffiths, Phil. 

Mag., 1895, (v. ), 40 , 411 . Lu<5in, J>i*scrtatwn, Zuinh, 1895; Rowland, Vroc. Roy. Soe., 
1807, 61 , 479 ; W. R. Bouslield aud W. R. Bousfield, Phil. Trans., 1911, A, 211 , 199. 
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sl’E.CIFIC HEAT OF WATER. 




V 

• 

" 


t\ 

Q. 

r. 

Q. 

t:\ 

. 

0 

1 0094 

16 

1 -0009 

10 

* 0 91-82 

% 1 

J 008.7 

1> 

3 -0007 

jr> 

0 9984 

2 

1 0076 

18 

1 0004 

50 

0 9987 

3 

1 0068 

19 

1 0002 

55 

0-9993 • 

4 

1 ’0060 

20 

I’ooqp 

0 99"9 

60 

1 -oooo 

5 

1 0051 * 

21 

65 

1 0008 

6 

j IIM1 

•>■> 

0*9997 

70 

1-0016 # 

7 

8 

1-0012 « 

1 *008? 

23 

. 21 

0-9995 

0 9**91 

75 

80 

1 0024 

1 0033 

9 

1 0032 

25 

0 9992 

85 

1-0013 

10 

1-01-27 

26 

0 9991 

90 

1 -0053 • 

11 

1 -0023 

27 

O-99'O 

95 

1 0063 

12 

1-0020 

28 

0 9989 • 

100 

1 -0074 

13 

1-0017 

29 

0*9988 



14 

1-0011 

30 

0 9987 



15 

_ 

1 -00 11 

• 

35 

0-9983 




Thus the jfmm-oalorio at 15’ is equal to HHUl gram calorics at 20°, and 
the mean gram-calorie between 0“ and 100° is equal to 100HJ gram-calories 
at 20°. 

The heat imparted to a substance may bo utilised in three wins.---* 

1. In increasiMi* the kinetic energy ot’ translation of the molecules, i.e. 

in raising the temperature ((^) 

2. In performing work against external pressure consequent upon 

expansion (Q ; ,). # 

3. In overcoming the mutual attraction of the mojpou^’s (i) a ). 

llerieu * 

Q~Q/ + V,i + *iV # 

The quantity Q, ( depends upon several luctors- such as flissoeiation,* the 
breaking down of associated molecules, the overcoming of cohexivc # forces 
during change of stale, etc* the thermal clients M \fliich, being closely 
connected*arts conveniently grouped together * * * 

It is clear that Q will only remain constant with rise of temperature when 
( A > }1 and Q„ are very small In auch an event 


Q — Qt (approximately), 


and Q< may be termed the true sj/trijie hmt. 

For solids a#id liquids is negligible owing fo their comparatively small 
cocfhtfienls of ox*pansion, ^tnd 

. t^Q/ + Q«. f 

According to Sohnckt* 1 ($ t is negligible for elements the molecules pf 
which are monatomic, a$s, for example, most petals. For complex jnoleoules, 
however, Q„ may be a very varying quantity, and the gradual fall of the 
specific heat of wafer until 40° Cl. «is reached, and the subsequent rise fn 
the same as that temperature is exceeded,,may probably be explained iti 
this way. * 


1 Solnicko, # /F«’d, Anmtcn, 11*98, (?6 111. 
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* > As ft general rule,' for solids and liquids at temperature^, above tM 
ordinary, Q is approximately a linear function of *tho temperature. * It may 
be represented over a limited rang#', by an empirical formula of the type — 

' Q ~a + ftt + yl-, 

where ft is verj* small (in general) and y is extremely small. 1 With lithium, 
aluminium, and one or two other metals the. values of ft are considerate. 
The variation in the specific heat of a metal with the temperature between 
0* and 100° is for many purposes negligible. 

In the accompanying table* will bo found the slean specific heats and 
atomic beats of the solid and liquid elements (over the temperature intervals 
given in the second column). < 


TABLE of specific and atomic heats of the elements. 3 


Element. 

Tom peiat ore 
Interval. 

Mean 

Specific 

If oat. 

Atomic 

Weight. 

Mean 

Atomic 

Heat. 

Aluminium 8 .... 

0 0 

16 to 

100 

0*2122 

27-1 

5-75 

Antimony. 

0 to 

100 

0 0195 

120-2 

5-95 

AraoiiK (cryst) . 

2 i to 

68 

0 0830 

75 0 

6-23 

,, ' ^amoiph.) 

Barium ... 

21 to 

65 

0-0758 

75 0 

5-70 

-185 to 

20 

0*0I5 C 0 

* ,137-4 

9 34 

Bismuth. 

9 to 

102 

0-0298 

208-0 

6 24 

Boron (cryst.) ‘ . 

0 to 

100 

0 2518 

11 0 

2-77 

,, (amor]ill) , 

Bromine (solid) .... 

‘ 0 to 

100 

0-3066 

11-0 

3-37 

- 78 to 

-20 

0-0843 

79-9 

6 73 

,, (liquid) , • * 

Cadmium . . . ' . 

13 to 

45 

0-1071 

79 9 

8-55 

'0 to 

100 

0 05-18 

102-1 

5-63 

Ciesiura ..... 

0 


0-0522 

ris-8 

6-93 

Calcium 

* 0 to 

100 

0-1490 

40-1 

* 5*98 

Carbon (wood chap-oal) * . 

0 to 

99 

0 1935 

12-0 

2-33 

(gmpliilo)' 

19 to 

1010 

0 3100 „ 

12-0 

3-72 

,, (diamond) 4 

Cerium . 

IS to 

1040 

0-3660 4 

12-0 

4-39 

0 to 

100 

*0-0450 

140-3 

6-31 

Ch'ionne (liquid) . « 4 

0 to 

24 

0 2262 

35-5 • 

- 8 02 

Chromium. 

22 to 

51 

0 1000 

52-0 

5-20 

Coba'It. 

15 to 

100 

0-1030 

59-0 

6-08 

Copper 8 , 

15 to 

238 

0 0951 

63-6 

6-05 

Gallium (solid) .... 

12 to 

23 

0 0790 

69*9 

5-52 

Gcnnaniipn . . ... 

0 to 

100 

O’0737 

72'5 

5 84 

Glu oi 11 urn 4 . 

0 to 

100 

0 4246 

9-1 

3-87 

. Gobi . .... 

- 0 to 

100 

0-0316 

197-2 

6'28 

Indium . . . 

' Oto 

100 

0-0570 

11,4-8 

6-54 


i o de, M'm. couronnes Acmi. rot/. Bely ., 1855, 27, f.i.], 1. 

~ e k,, l Avails, Physico-Chemical Tables, vol. i. p. 183 (Griffin & Co , 1902), gives a 
fvi'' * oc ’ '0 list of the specific heavs of elements, and f6r fiuther details of these the 
* a n 11 -1 .red to his comprehensive work. See also Landolt-Borustein, Pliysikalisch - 

3 rMi!" , a ! 7 >i'U Berlin, 3rd ed., 1913 ; Physical and Chemical Qm slants, by Kaye and 
*< r IlMiHar and 1i Co '» 1911 )- T - < w - Richards and F. G. Jackson {Zeitsch. physical 
e p a . tjhavo determined the specific and atomic heats of many elements at 
64*> T f3 $oli’ ,e an cxce hent summary of earlier work. H. Schimplf (Zeitsch . 

/’ \ 'n a ^7) povers somewhat similar ground. 

Mag., 189o, (v.), 40, 4J1 . 1 .. . rfl7 

1897, 61, 479 ; W. K. Bouslicld d y]0 ' < lv -'» 3*» **'• ♦ 


4 See p. £ 
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TABLE OF SPECIFIC AND ATOMIC HEATS OF THE 


ELE M I^N TS—c-<j ^in ucd. • 


Element 


Temperature 

Interval. 

Mean 

Specific 

Heat. 

Atonkc 

Weight. 

Mean 

Atomic 

Heat. 

% 


9 


• 





°C. 




. 

Iodine (solid) 

• 

9 to 

98 • 

0-0511 

126-9 

6-86 

Iridium 


0 to 

100 

0 0323 

193-1 

6-24 

Iron . . * 


20 to 

100 

0-1190 

55-8 

6’64 • 

hanthanum. • • 


Oto 

100 

0-0449 

IftfO 

6-24 

Lead 1 .... 

» 

18 to 

100 

0-0310 

207 1 

6-41 

Lithium 


0 to 

100 

0-9102 

6 9 

6 28 . 

Magnesium . 


18 to 

99 

0-2400 

24-3 

5-98 

Manganeso . 


14 to 

97 

,0-1217 

54-9 

6-68 

Mercury (solid) . 


-7« to 

- to 

0-0319 

200-6 

6-40 

,, (liquid) . 
Molybdenum 


20 to 

50 

0-0331 

200-6 

6-64 


15 to 

91 

0*0723 

96-0 

6‘94 

Nickel.... 


IS to 

100 

0-1090 

58-7 

6-40 

Nitrogen (liquia). 


- 208 to 

196 

0 4300 

14*0 

6 02 

Osmium 


18 to 

98 

0 0311 

190-9 

5'94 

Oxygen (liquid) . « 


- 200 to 

183 

0-3170 

lO'O 

6-55 

Palladium . 


18 to 

100 

0 0590 

106 7 

6-30 

Phosphorus (yellow) 


13 to 

80 

0-2020 

31-0 

6-26 

,, (red) . 

Platinum . . # 


15 to 

98 

0*1698 

31-0 

6.20 


0 to 

100 

0-0323 

195-2 

6-31 

Potassium 2 3 . 


0 


0-1728 

39-1 

675 

Rhodium 


10 to 

97 

0*0580 

102-9 

5-97 

Rubidium 2 . 


0 

• 

0 0802 

85 45 

6-85 

Ruthenium . 


0 to 

100 

O-iifill 

10f'7 

6-21 

Selenium (cryst.). 


22 to 

62 

0-0,840 

79-2 

6-65 ' 

,, (umorph 

Silicon (ciyst.) 4 . 


18 t-> 

#28 

0 0‘JS# 

• 79-2 

7-65 


129 


,0-1961 

23*3 

5-56 

Silver 1 


17 to 

505* 

0-0590 

• 107-9 

646 

Sodium 8 


0 


0-2824 

28 *0 

0 51 

Sulphur (rhombic) 


17 to 

45 

0-1630 

J5-i 

5-2 9 

Tantalum . . . * 


- 185 to 

20 

0 0326 

181-5 

5-92 

Tellm itim (cry.st.) • 


IS to 

100 

0 048* 

• 127-5 

(fin 

Thallium *. , • 


20 to 

100 

•0 0326 

2J14-0 . 

l) 65 • 

Thorium 

. . 

0 to 

100 

0-0276 

232-4 

6-41 

Tin (cast) . 


0 to 

100 

0-0559 

119 0 

6-66 

Titanium 


• 0 to 

100 

0-1125 

48‘I 

5-41 

Tungsten 

. 

15 to 

93 

0-0310 

ISt'O 

6-26 

Uranium 

. 

0 to 

P8 

0-0280 

238 5 

_ 6-68 

Vanadium . 


0 to 

100 

0-1153 

61 *0 

* 5 88 

Zinc .... 


20 to 

100 

0-0931 

65-4 

6 08 

Zirconium . •. 

# • 


0 to 

190 

y-0660 

90 6 

5 98 


•- —- 

___ __ 

__ 

_ 


1 


, Dulong and Petit’s Law* —fa 1819 Dufcng and Petit 6 drew # jittention 
to the fact that the product of* the atomic weight and specific heat for the 
majority of the solid elements then known was constant—in otlnjr words, 
that the* atoms havo the same capacity for heat. From the data in tho 

1 A. Magnus, Ann. Physik, 1910,*(iv.b 31 , 597. 

2 Rengaue, Covipt. rend., 1013, 156 , 1807. 

3 K. Griffiths, Proc. Jloy. Soc., 1914, A, 89 , 1914. 

4 See p. 90. • 

# Dulongand Petit, *Ann. Ohim. Phys ., 1819, [ii.], io, 395. 
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prQceding ^able (pp. 88'and 89) the general applicability of JJulpng and 
Petit’s Law will be apparent. „ * 

Leaving out of consideration tiiose elements which are gaseous at ordinary 
.temperatures, it will be observed that the atomic heats of the elements do 
not vary (/mat}// from the mean value 6 - 4. There are, however, a few notublo 
exceptions, namely, boron, carbon, gluehmm, and silicon. In 1872 Weber 1 
showed that the specific heats of boron, silicon, and carbon possess ab¬ 
normally large temperatiire-coellicients, and that at high temperatures the 
atofnic heats of these elements approximate to the mean value found for 
the other elements, although r a sufficiently high ^temperature was never 
attained at which the atomic heats actually became 6 *L A fpw of his results 
are given in thvfollowing table :— 


r THE ATOMIC HEATS OF CARBON, SILICON, AND BORON 

AT DIFFERENT TEMPERATURES. 

« 


Diamond. " 

Graphite. 


Silicon 


Huron 2 


Temp 

Specific 

Alninic 

Temp 

^pci llil* 

Atomic 

Temp. 

Specific 

Atomic 

Tenipf 

Specific 

Atomic 

°C. 

11 cut. 

Hf.it 

“O. 

Heat. 

Ileat. 

°C 

Heat. 

Heat. 

•° f 

Ileat 

Heat. 

-50-5 

0-064 

0 76 

-50-3 

0 114 

1-37 

-39-8 

0-136 

3-81 

-39-6 

0 192 

2 11 

+ 107 

0-113 

1 -:>5 

+ 10 8 

0-160 

1-92 

1 21-6 

0*170 

4 75 

+ 26-6 

0 2J8 

2-62 

86'tf 

0-177 

2-11 

138 5 

0-254 

3-05 

86 0 

0 190 

5 32 

767 

0-274 

3-01 

206 

0-273 

3-28 

21!) 

0-325 

3-90 

129 

0 196 

5 50« 

e 126 

0 307 

3-38 

615 

0-444 

5-33 

610 

0 450 

5-41 

184 

0-201 

5 63 

177 

0 338 

3*63 

* 987 

0-4l!2 

5*55 

f 

982 

0-469 

5 62 

♦ 

232 

() 203 

5-68 

233 

0 366 

1-33 


Weber therefom suggested that f ,for the purpose of applying Dulong and 
Petit’s Law, life values for thp spoeilic heats of the elements should be taken • 
at those temperatures at which they increase most, slowly. r 

Thirteen vo;r\s latef, Humpidge 3 determined the speeilic heat of glucimun 
at various temperatures and showed that at r>O 0 J f!. the value remained 
nearly 4 constant. Wis uestdts arc embodied by the following table :— 4 
‘ • . • 

t THE ATOMIC HEATS OF GLUCINUM AT DIFFERENT 
TEMPERATURES. 


Temperatures. 

“ 0. 

Sptciiie Ileat 

Atomic Heat. 

0 

0 3756 

3*42 

10O 

0 4702 

*'4 '28 

4 200 1 

0 5420 

4-93 • 

3u0 

0 5910 

«. 5'38 

400 

0 6172 

5-61 

500 

• 0-6206 

« fr-65 


* 1 Wcbrt-. J'iul. M(uj. , 1872, [iv.]i 49 ,*' 1 (il, and 270. Compare Tilden, Trans. Che 
Soe 1905,-87, 551. 2 This was null/a boride of aluminium. S«e Vol. IV. 

3 IIunijijdge F Proc,*' 1Toy Soc , 1885, 38 , 188 ; 1885, 39 , 1. 

4 This table is condensed frtmi Miss Freund, The Study of Chemical Co njn adult, j> 3 

(Camb. Univ. Press). • 






GENERAL PROPERTIES 0V ELEMENTS AND 


cowpouSim. 


M 


' It accor<\jngly appeals that if the temperature at which the specific heats 
pf these Elements are takeih is sufficiently high, carbon, silicon, boron, and 
gl'ucinum may fall into line with thc*other cldfheuts.and conform to the Law of 
Dulong and Petit, although ns yet the value 6-4 has not. been attained fp.r 
the atomic heats of any of thorn. 

It may well be urged, however, that it is not fair to tal*e the specific 
heajjg of these four elements at the highest attainable temperatures and com¬ 
pare them with those of the other elements at lower temperatures in order 
to make them fall into line with an empirical law such as the one now under 
liscussion ; especially singe the results of the iftimerous researches show that 
ihe atomic heats # of certain metals rise considerably above the mean value o£ 
>’4 when the temperature is raised. This is well illustrated ^ the following 
/able:— 1 


THE SPECIFIC AND ATOMIC HEATS OF DIFFERENT METALS 
AT VARYING TEMPERAf URES. 


Absolute 

Aluminium. 

N irk el 

Platinum. 

Tempera* 





• 

— 

tu re. 

Sp^-ilii* 

Atomic 

.Sped lie 

Atomic 

Specific 

Atomic 


Heat. 

He,it. 

Heat. 

11 eat. 

Heat. 

Heat. 

300 

0-2053 

r, r.’i 

0-1051 

6 11 

0-0311 

6-il 

500 

0 23hl 

15-11 

0 1233 

7-19 

0 0344 

6 04 

;oo 

(|-2r,31* 

0 31 

0 1 501 

r :>s 

o-o ,72 

7-19 

900 



0 1333 

7-SO 

0-0397 

7-<>7 

1500 




• 

0 040^ 

8 91 


It would appear, therefore, tint the Wisest course is to n*lopt Tildou’s 
suggestion,^uul compare the specific heats <«f tfie elements between 0’and 
100* and treat as irreconcilable exceptions all element* that do riot confirm 
to the law under these conditions. 

It is worthy of uote # that the atomic heats of the solid elements at constant 
volume (A,) show more regularity than do tint ntoinii; heats ;;t. constant 
pressure (A,*. * The former may he calculated by utilising the relationship— 


in which T, V, a, and ft demote the absolute temperature, atomic"volume, and 
coefficients of compressibility and expansion respectively. For fifteen elements, 
the compressibilities of which have boon nrt\isur#d by Richards , 1 the mean 
value tor the atomic heat ai constant volume is f>*9 at 20 u 0., and the average 
deviation only 0 09. 3 . From the researches of # Grimeisen 4 it appears that 
tlfe preceding equation maf lufsimplilied to 

. . A ( -A J) -rr.Q / , 2 . . . . . (ii.) 

whoro k is*thc coustant for the particular element. 

—.- - # » 

1 This table is condensed from Tildon’S IFts, Tiotts ('hem Soc. , 1905, 87 . W>f». 

2 Richards, Carnegie Institution Pitbliiation, 1907, No. 70. * * “ 

8 Lewis, J. An ter. Chen. Soc., 19«7, 29 , 1105. • 

4 Grunoisen, Ann. Physik, 19(18, 26 , 393 ; 1910, 33 , 33, 65,1239. 
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Specif! c Heats at Low Temperatures —I» gonerai ti*> differences 

ooticed between the atomic heats become accentuated at temperatures below 1 
0* C. Numerous experiments at<to\v temperatures have been made by Behn, 1 , 
TUden, 2 3 Dewar, 8 SchimpfF, 4 5 Richards and Jackson, 6 Dewar, 6 and particularly 
by Ncrnst aiyl his collaborators, 7 who have measured specific heats at tem¬ 
peratures dotfu to the boiling-point of hydrogen. As the temperature is 
lowered, the specific Jieats of the elements faU, rapidly at first, but afterwards 
more slowly, teuding towards the limit zero at the absolute zero of temperature. 
Thb accompanying table contains some of the results that have been obtained :— 


’ Silver. 

Lead. 

• * 

Copper. 

Zinc. 

Aluminiftm 

• . 

Diamond. 

. T 

Atomic 

T 

Atomic 

T 

Atomic 

T 

Atomic 

T 

Atomic 

T 

Atomic 

abs. 

Heat. 

abs. 

Heat. 

abs. 

• 

11 oat. 

abs. 

Heat. 

abs. 

Heat. 

abs. 

Heat. 

178 

5 46 

2t>2 

6-23 

173 

4-98 

173 

5*32 

173 

4*54 

262 

1*14 

123 

4-97 

198 

6-27 

! 23 

4-29 

123 

4*84 

123 

371 

232 

0*86 

86 

4*40 

193 

6-02 

88 

3*3S 

94 

4*55 

88*3 

2*6^ 

222 

0*76 

77 

4-07 

f23 

5 89 

33-4 

0*538 

85 

4*24 

86*0 

2*52 

220 

0*72 

66 

3 66 

101 

575 

277 

0*324 

75 

3*95 

83*0 

2'Jl 

209 

0*66 

53'8 

2 90 

63 

5-05 

23-5 

0 223 

64 

3*51 

35*4 

0*33 

205 

0*62 

45-4 

2-47 

36 8 

4-40 



43*7 

2*17 

32*4 

0-25 

92 

0*03 

39-1 

1-90 

28-3 

3-92 



36*3 

171 



88 

0*03 

35-0 

1-58 

23 0 

2-96 


... 

33*1 

1*25 

• 

• 

30 

0*00 


If the preceding values are represented graphically, it will be seen 
(fig. 48) that lfot only do they indicate that the specific heat Q of an clement 
banishes when the absolute zero is reached, but also that its rate of variation 
with the temperature,*viz. (IQ/dT, vanishes also. 

According to tl^p recent researches of Dewar, it appears that at 50° abs.* 
the atomic heat of an foment is a periodic function of its atomic tvoight. 

•Specific fieats and the Quantum Theory.—Specific heat measure¬ 
ment! at low temperatures are of great interest in connection with Einstein’s 
theory of imecific bleats, tjroin kinetic considerations it was calculated by 
Richarz 8 that Iho atomic heat at constant volume of a mbmltomic solid 
element should be equal to 3R or 5*95 calories. But the kinetic theory does 
not account fpr the deviations from the Law of Dulong and Petit or for the 
great variation of specific heats with the temperature. Planck and Einstein 9 
assume*that ft vibrating atom cannot take the energy continuously, but only 
discontinuously, in definite units (the so-called energy quanta), which are for 
each atom or vibrating system ^proportional to the frequency of vibration} 
i.e. the vibrating atom of matter takes up “atoiys” of energy, so t&«peak. 


1 liehrn Ann . Physik, 1898, 6 tf, 237. ^ 

• a Tildcn, i'hil. Trans., 1900, A, 194 , 233 ; 1903,2<Ji, 37. 

3 I )ew»r, 7* roc. Huy. Soc., 1905, A, 76 , 325. # 

4 Sell 1111 plf, Zeilsch. physik al. Chon , 1910, 71 , 267. 

5 Richards and Jackson, ibid,, 1910, 70 , 414. 

. 8 Dewar, Pi*c. Roy. Soc., 1913, A, 89 , 158/ • 

7 Nortist, Knref, and Lmdcmann? Sit&ingsber. K. Ahid. Wiss. Berlin, 1910,247 ; Nernat 
ibid., 19f0, p. 202 ; 1911, p. 306 ; Ann. Phyhk, 1911, (iv.), 36 , 395; Ncrnst and Linde 
maun, Sitzunftber. K.*Akad. Wiss. Berlin , 1911, p 494 ; Korcf, Ann. Physik, 1911, (iv.) 

35 49. • 8 Richarz, Ann, Physik, 1899, 67 , 702. 

B Einstem, Ann. Physik, 1907, (iv.), 22 , 180; 1911, 35 , 659. 
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It may ther^be calculate that the atomic heat of a monatomic efemonjL t& 
atoms of which can only vibrato about mean positions, should bo equal io. 


3K/" A '. (/?„/T)2.(/" /l -l 


where R denotes the ordinary gas constant (1-985 cals.), 1' the absolute 
temperature, v the frequency of vibration of the atom, and yd denotes a 
universal constant (4 8(»5 x lO" 11 ). According to this formula, the atomic 
heat of an element is ni^at the absoluto zero^wben dA/dT likewise vanishes, 
With rise of temperature, the atomic heat increases slowly, then moro rapidly, 
and finally it again slowly increases towards the limit 3R. It is possible 
to reproduce the rosliHs of specific heat measurements at KW temperatures 



with considerable accuracy bj means of this formula; at extremely loW' 
temperatures, however, it gives results that are too small,• 

Einstein’s formula refers to the atomic heat of a solid at ynxfant volumK 
At very low temperatures this value differs inappreciably from tlTo atomic 
heat at constant pressure, but at ordinary temperatures the difference is 
quite.*appreciable, and may be calculated'by nfeans of the above equation.. 
Introducing Einstein’s formula fur A„ into the equation (ii.) of p. 91, and 
*using the values 6f h obtajjjed from Griineisen’s experimental data, it is 
found possible to reproduce* the observed values of A,, with cftnsidoralje 
accuracy for a number of metals by choosing suitable values ofc jiv. The 
agreement at low temperatures is belter if the modified equation 

A„= 1-5R | e M \ (/iv/Tf. 1 2 +« W2T . (/3„/2 2 J. 

, • • | 

is adopted; this expression enables the specific 4 ca ts of silver, l<tid, copper, 
and aluminium to be calculated with remarkablo accuraev from the 



u 


>ure of liq\ id hydrogen to 550° abs., and with diamond Wv ^iuoukiii. noias 
ip to 1100° abs. 1 , 

On the assumption that an element ufolts when the amplitude of vibra- 
,U>n of the atoms is equal to the distance between them, it can be calculated 2 
hat the frequency v is proportional to where T„ is the mclting- 

>oint, m the atomic weight, and V the atomic volume at the melting-point, 
i’rom this result amt the preceding formula* for the specific heat, it follows 
hat an element may be expected to deviate from the Law of Dulong and 
*etit at ordinary temperatures if it has a low atomic weight and a high 
lelting-point; on the other hand, an element of low melting-point and high 
tomic weight may be expected to follow the law, even at fairly low tempera* 
urea. The ah .formal behaviour of boron, carbon, and silicon thus receives an 
explanation, and also the fact that the specific heat of lead only falls off 
slowly with the temperature. 3 

Determination of Atomic Weights.— For practical purposes it is 
best to assume, with Tilden, that Dulong and Petit's Law represents a rough, 
empirical rulo,*valid when the mean specific heats are determined between 
0° and 100°, with three or four well-marked exceptions. In several cases the 
law has provec^ very useful as a means of fixing the atomic weights of several 
elements when their equivalent or combining weights have begn known. 

Uranium is a ease in point. This element has a Combining weight of 
39*75; consequently its atomic weight is given by the expression 
A = 39-75 x V, 

• • 

where A is the atomic weight and V the valency. On account of the supposed 
resemblance of uranium lo iron, the valency of uranium was taken as 3, and 
hence its atomic weight as 39*73 x 3 — 119“25. Mendclceff, 1 however, placed 
tho element in the sixth group of the periodical table along with chromium 
and sulphur. Hcfice foi oxide of 4he formula U0 3 was to be expected, and t 
therefore a valency of six. Thig meant doubling the atomic weight, which 
thereby became 23$'5. The question was settled in 1882 by Zinuncrmann, 5 
whe*found the i#peeific fieat of the element to be 0 027,^1’rom which, according 
to Dulong and Petit’s Law, the approximate value of # the atomic weight is 
given t>y the expression*— • 

Atomic heat O -l __ 0 ^q 
S pecific heat 0*027 # 

' MendeliSelFs view's thus received confirmation. 


1 Nernst and Lindemarm, Zeitnch. EMtrochnn. , 1911, 17 , 817. 

3 Lmdemanu, Fhi/sikal. Zeitsdi., 19tf), n, 009. * * 

* For further discussion of Einstein’s formula and its application to compound#, see 
Nernst, Zeitsrh Electrochem. , 1911, 17 , 205; Koenigsbeiger,* W., 1911, 17 , 289; Magnus 
and Lindenuum, tire? , # 1910, 16 . 209; and the references previously cited to Nernst and 
his collaborators. A new quantum theory, in which 01$: quantum piinciple a})plies, not to* 
the separate atoms of a body, hut to the elastic waves which can bo propagated through it, 
has been developed by Debye and by Void and von Karrnan.* >t appears to be superior to 
Einstein’s theory. Accoiding to the new theory, at temperatures not far remove#! from the 
absolute zero, the specific boat of an element is (usoporlional to the cqbe of the absolute tem¬ 
perature. (See Dtbye, Ann. Bhysik, 1912jiv.j, 39 , 789 ; born and von Karman, Vhydkal. 
Zeitsch., 1912, 13 , 297 ; 1913, 14 , 15* ThTrring,, did., 1913, 14 , 867 ; Eucken, Ber. deut. 
physikal. den., 1912, 15 . 571; Eucken and Schwers, ibid. , 1913^ 15 , 578; Nernst and 
Lindemann, # A'i7?Mn;/s/«T. K. Ahul. JViss. Berlin, 1912, p. 1160; Nernst, ibid., 1912, 
p, 1172.) * * 4 iMendel/ioff, Annalm Supplement, 1070 0 

0 Zimmeimann, Ber., 1882, 15 , 847. 



GENERAL PROPERTIES OF ELEMENTS AND COMPOUNIpL ' 95' 

In a, similar inannef the atomic weights of indium, coriml, and lan¬ 
thanum, have been determined. 1 

Specific Heats of Compounds.— In*!8151 Neumann 2 extended Dulong 
and Petits Law to certain groups of closely related compounds, as, for ox- 
ample, the carbonates of the alkaline earths, by drawing attention to the fact 
that these bodies exliibit the same molecular heats. This is ^vell illustrated 
by^ie following table, in uhiclptho modern values for |he specific heats and 
molecular weights of a number of sulphates are given :— 


Suhstanqp. 

. . 

Formula. 

• 

Tcinpciatnrc. 

-U 

Specific 

Heat.. 

Molecular 

Weight, 

Molecular 
Heat » 







Calcium sulphate 

CaS0 4 

13-98 

0-197 

336-1 

26-8 

Barium sulphate 

15 iS0 4 

10 98 

0 113 

233-4 

26 4 t 

Strontium sulphate . 

SrSO, 

21-99 

0-113 

184-7 

26*3 

Lead sulphate . 

IT.SO, 

20-99 

* 0-0S7 

303-2 

26-4 


llegnault^ extended Neumann's observations, and confirmed the law by. 
more accurate determinations of the specific heals of met;dlie*oxides, halides, 
sulphides, curtauates, sulphates, and nitrates. 

Neumann’s law,‘however, is only of limited application, inasmuch as 
it only applies to chemically related substances. Joule 4 and Woestyn 6 
a few years later pointed out that the molecular heats of compounds are 
the sum of the atomic heats of the constituent atoms—a generalisation 
that enables us to connect all types of compounds together and is 
tlius as universally applicable as Ihilong -and Petit's Law for the various 
elements. Since Kopp' 1 did much to establish its tiuth, th& generalisation' 
is usually termed Kopp’s Law, although it cannot lip claimed that he was" 
• its originator. •> 

It willjio clear that Kopp’s Law is tantamount to postulating that the 
atomic heats of the elements remain approximately* the suine whether the 
latter are free or com lamed ; and that such is actually true m many cases is 
evident from the following table. — # , * 


Substance. 

Formula. 

• 

Spccilie Heat. 

Molecular Heat 

Silver chlondc . 

AgCl 

0-091 

* 13-1 y2 x 6-6 

Cuprous chloride 

Cul’I 

0 138 

13-6-2x6-8 

Potassium chloiylc . .. 

KCl 

0-173 

12-9 = 2x6*5 

Barnjm chloride • 

JW'L * 

• 0 090 

18 8-3x63 

M(%uric iodide . . • 


6 012 

19 1 —3 x 6’4 

Lead iodide .... 

. _ 

0-013 

• • 

197 = 3x6-6 

— , -- J 




1 See Vol. IV. 2 Neumann, f'oiiy Annalen, 1831, 23 , 1. 

3 Regnault, Ann. Chim. Phys ., 1841, |iu.J, 1 ,129 , l'oyy. Annul 111, 18-41, 53 , 60 and 243. 
• 4 Joule, Phil Mag* 1844, fui.J, 25 , 3-if. 

6 Woestyn, Ann. Chim. Phys., IMS, [ui.], 25 , 29a. 

6 Kopp, Anna fen Supplement, 1864, 3 ^ 1, 28'.'; Proc. Hoy. Sue., 1864, 13 ,- 229 ; Phil, 
Trans., 1865, 155 , 71. See also Thorpe, Kopp Manorial Led fir delfterejj before the 
Chemical Society (London), Felnuary 20, 1893. Tildcn, los. cit. ; Sekubcl, Zeitsch. anorg 
Chem., 1914, 87 , 81. 
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" Thefdtlowing observations affowi further argilftients in ftf/mvr of the 
truth of Kopp’s Law # 

1. Bodies containing equal jfl'oportiorts of those elements which <lo not 
conform to Dulong and Petit’s Law have approximately equal molecular 
heats. This is evident from a consideration of the different compounds of 
oxygen and sulphur shown in tho table below, both oxygen and sulphur possess¬ 
ing abnormal atomic Jieats. The regularity here noticed is, of course, merely 
a special case of Neumann’s Law. 


, Substance. 

«* 

« 

Formula. 

Molecular * 
Weight 
(0 = 16). 

Specific 
# Heat. 

Molecular 

Heat. 

{topper oxide .... 

CuO 

79*6 

0-142 

11-4 

Mercuric oxide .... 

HrO 

216-3 

0-052 

11*2 

Nickel oxide . . . . 

NiO 

7-17 

0-159 

11 9 

Iron sulphide .... 

1'VS 

67'9 

0 136 

11*9 

Lead sulphide . • 

PbS 

239-1 

0-051 

12-2 

Mercuric sulphide . 

~ r 

HgS 

232-7 

0-051 

• 

11-9 


2. The values obtained for the atomic heats of abnormal elements are tho 
same (approximately) whether deduced from the molecular heats of their 
compounds or calculated directly from the observed specific heats of the 
elemerfts. Thus, in the table above, copper oxide (CuO) has a molecular heat 
of 11*4. Now, the specific heat of copper is 0-094 at temperatures ranging 
from 20° to 100° 0., so that the atomic heat is 0-094 x 63-6 = 6-0, and the 
atomic heat of oxygen is in consequence 11*4 - 6‘0 = 5 - 4 . The observed 
specific heat of liquid oxygen at - 190° 0. is 0*347, whence its atomic heat is 
0-347 x 16 = 555 . %Th#s is a rather favourable example of the nature of tho 
agreement observed. , 

Kopp’s Law majPbo used to Aetermino the atomic weight of mi element 
tho equivalent which is known, irrespective of whether or not the pure 
element itself has been isolated. Thus, for example, suppose the atomic 
weight? of mercury* is ^required, analysis of yiereuric* chloride shows the 
equivalent of tluj metal to he 100-3, and, by applying one oftthtf methods 
detailed in Chap. IV., it is found that the molecular weight of mercuric 
chloride is approximately 271 *5. Evidently therefore the formula of the 
salt is HgftClp itrid the problem is to find the value of n. A determination 
of the specifiq heat of mercuric chloride yields the value 0*069, and the 
molecular heat is therefore 0*069 x 271*5 = 18-2. From Kopp’s Law, then, 
the number of atoms present in tly 3 molecule is 18*2/6*4 = 3 (approximately); 
whence 71= 1, the formula for mercuric chloride is HgCl 2 , 'and the afyftmic 
weight of tho metal 100 3 x 2 = 200*6. 8 

Specific Heati of Gasts. —Hitherto intention has been confined to, 
tlje study 7>f the specific heats of solids and Tiquifis. With gaseous “bodies 
new factors have to be considered, for in the equation« 

Q = Q< + Qji + Qa 

(cfs p. 87^,-Qp may or may not Be negligible aocording as me specific ficat of 
the gas a*t copstanf, .volume or at constant pressure is determined. Of the 
two specifit heats of a gas visually considered, the one measured at constant 
pressure exceeds that measured at constant volume by the thermal equivalent 





«▼*«. ‘u 4 uncu to overcome tne resistance offered to the eipandondf- 
>;tfnfe' gas. When a gram-molecule of a gas lj§s its temperature raised tlrfoiigil 
one dogreo centigrade at constant* pressure it c&n be readily proved that 
•the amount of work done during external expansion is represented by R, tfte 
constant in the gas equation— • # * ~ 

PV = RT 

>1 • * 

(see p, 27). Furthermore, it can be shown that the work done in increasing 
the translational motion of the molecules of a gram-molecule of gas wtien* 
heated through one degreS centigrade is JR. * 

Hence Secular |ieat at constant pressure _ Q, + Q /( + Q rI ^ git + R + Q** 
Molecular heat i\b constant volume Q, + Q a ~ ?R + Q a ’'* 

Now, in the ease of monatomic gases it may be assumed that the value fof 
Q a must be negligibly small, so that the following ratio for tho specific hea|;s 
is obtained :— 

Molecular heat at constant pressure ®K + R _ 

Molgcular heat at constant volume |R ~ ‘ 

ff, on tho otliejj hand, tho gaseous molecules are diatomic or polyatomic, 
«he value for Q„ may be expected to increase with the complexity of the 
• molecule, and the value for y to decrease in proportion. Hence, by deter¬ 
mining y for a given gas or vapour, it should bo possible to obtain a-clear 
indication as to whether its molecule is monatomic or complex. In order to - 
do this, it is not necessary to actually make a determination of the Uvo 
specific heats, for it was shown by Laplace tjiat this may bo deduced from a 
knowlodge of the velocity of sound in tho gas, by making use of tfle equation— 

v -- \}yp[d or j -- v 2 djp, 

where v is tjio velocity of sound, p the pressuA 4 , and d the density of tho gas. 

’ Kundt and Warburg 1 determined the velocity of soi«id in iqprcury vapyur 
by means of tho apparatus generally known as “Kundt’s dust-tube,'' 2 and 
doduced therefrom the»value of l*fi7 fory, thus proving thgt mercury v&poux 
consists of rporpitomic molecules. This result is in perfect harmony with tlfe 
conclusions from the vapour density of mercury and its atomic weight as 
determined in other ways. * 

In the case of the inert gases of Croup 0 in the periodic table it is 
' Impossible to make determinations of their atomic weights frorp a study of 
their compounds, as nono are known to exist. Their molecular weights may 
be determined by # tho usual method for gases (see Chap. IV.), and the relation¬ 
ship between the*) magnitudes and the atomic weights may be derived from 
determinations of y. The Values obtained for y always approximate closely 
to 1*67, 3 whenco it is concluded that the molecules of tfie inert gases arc 
m&natomic- • T * 

In the case of diatoiyk^ gaseous moloculeij the value of y is fpund by 
CxperirnenJ to range from about 1*41 for the “permanent gases” to about 
1:30 for those readilyjiquefiable. Fo»triatomic molecules, e.<j. ]j 9 0, CO,„ etc.,-, 
the values of y are less than 1 *3. 


Kundt and Warburg, Pogg. Annalen, 1878, 157 . 353. * 

f',% See this volume, Park 11. * 8 See Part II. of this volume for references. 
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CHAPTKK III. 


I0LUBIC1TY, SOLUTION, AND SOM& PROPERTIES 
OF SOLUTIONS. 

S(>j.u»!lit\ and Solution. 

It has been Seen in the preceding chapter that it is impossible for two 
different gases in contact to remain in separate layers, however much their 
’densities dif%. The process of gaseous diffusion is, however, only a special 
case of what occurs when many substances, whether gaseous, liquid, or solid, 
are left in contact. Thus, if a limited quantity of salt Ke placed at the 
. bottom of a vessel of water, it presently disappears as a solid, and can, by 
testing, be found distributed throughout the liquid Few substances refuse 
to mix to some extent, however small. Carbon disulphide, for example, can 
dissolve very small quantities of water, and water of carbon disulphide; or, 
again, water can take up small quantities of silica, as well as of many other 
substances, sfteh as silver chloride, winch, for most practical purposes, are 
regarded as insoluble. Such admixture is termed solution, one of the sub¬ 
stances being called the solvent ; *Uie other, usually the added substance, is 
called the solute. w When a 'soli(l or a gas dissolves in a liquid, the latter is 
regarded as the solvent; a solid may be a solvent for a gas; 1 and finally 
wHfen two liqtfids are mixed, each may act as solvent or solute, as will be 
evident from a later section. 

There are several' points about the process of solution winch may be 
noticed, ff ttfo substances which do not mix in every possible proportion 
are* left in contact, and if at the end of a considerable time the added 
substance reti^iins in excess, a saturated solution will have been formed. The 
rato at which this saturated state is reached depends on several factors, such 
as the Mule bf subdivision of the solute, and the rate at which the solution 
formed diffuses away into the solvent. Agitation, which assists diffusion, 

1 causes solution to occur more quickly. The solubility of n substance in a 
given solvent is always a statement, in some form or other, of the relative 
proportions of solvent and solute that will yield a saturated solution at an 
'assigned* temperature and pressure. Whety saturation has been reached, 
.whether by prolonged standing or by agitation, the solution will be homo¬ 
geneous, having the same concentration in all parts. 1 

A solution has already been definerl 1 as a homogeneous mass°of two or 
? tnore substances, the composition of which can vary fcontinuously between 
‘olfinite limits. This definition (foes not confine solutions to any particular 
Mate of matter, rtad it is possible to have solutions of gases in gases, of gases 


See Chap. I., p. 7. 



; »#blicta id liquid solvents. •These diftcrcnt cases will now bo disoussi 

Solubility of Gases in Gases. —From whafrlms beon said in connectioi 
with tho diffusion of gases, it should be evident fliat there is no questional 
investigating the limits to which gases mix, for they are soluble in 4 all 
proportions in one another. / 

When two or more gases are contained in tho same vessel tho pressure of 
the mixture may be determined by a simple rule kifbwn as Dalton's Law\ 
according to which the pressure exerted by a yaseous mixture is e</ual t(\ tfu 
mm of the pressures whitfi the constituents v>%n/d erert if each occupied separ¬ 
ately the volume of the mixture A The pressures which tho constituents woulej 
exert separately are termed their partial pressures in the mixture. Denotitig 
them by pj, p.,, /; 3 , die., and, the total pressure of the gaseolts mixture by,?, 
then Dalton’s Law may bo simply stated thus : -- 


+P-. +/>., +o^e. 

In common with the other gas laws, Dalton’s haw is only approximate* 
and at high pressures it breaks down. At moderate pressures, however, it 
holds with rqpsonable accuracy for vapours as well as gases, provided that til© 
corresponding liquids arc not miscible, as was shown by Begimult.- Tho law 
is commonly (tnpioyod m deducing the volume, at any required temperature 
and pressure, of a dry gas from observations of its pressure, volume, and tem¬ 
perature when saturated with water or other vapour. 

Led tic has shown that the following statement is more correct than 
Dalton’s Law . “The volume occupied by a mixture of gases is equal to the 
sum of the volumes occupied by its constituents under the same conditions of 
temperature and pressure.” For example* calculating from the densities of 
oxygen and “atmospheric nitrogen”at the same temperature and pressure, ij* 
is found that air contains 23-21 per cent, of oxygen* tlie # oxporimentul value 
being somewhere between 23T8 and 23 23 per cent. By usi»g Dalton’s Law 
as the bn*is of the calculation the value 23453 j*s obtained. 3 

Solutions of Gases in Liquids.—The soluUhty of ^ gas ill a.Jiquid, 
never takes place to »n unlimited extent like that of one gas in another. The 
apparatus employcd*in the determination of gaseous solubility usually Consists 
of the absjprptiou vessel, a cylindrical glass funnel w ith Mp*yil ctgjh end, and a 
gas-measuring apparatus from which a known volume of gas is transferred.tQ 
the absorption vessel and in wlpch, finally, the residual gas is measured! 4 

The results of solubility determinations can be expressed m one of two' 
ways, either by the absorption coefficient, a term introduced by Bunsen, or by 
the solubility, or coefficient of solubility, a term due to Ostwalu. 

4.Dalton, Mem. Manchester Phil. Soc , 1802, 5> 543. . f 

2 Regnault, Mem dcVAcad., 1862. 26 , 722. • f 

3 Leduc, Compt rend., I89 ,! , i« 3 , 8o5 ; 1898, 12 ^ 218, 413 ; eetnu. Clam. P/tys,, 1898, 
•[vii.], 15 , 106; sec also TV BejJficlot and Saceidote, Gamut. rend., 1896, 128 , 8?0 \ 

1). Berthelot, ibid., 1899, 128 , 1159. • . 

4 For details of metlft>df and apparatus see iiunsen, Gasom. Method* (Brunswick,' 
1877), 2id edition ; Ti mo fee If, Zeitsch. physical. Client., 1890, 6 , 111; Winkler. Hex., 18&1, 
24 , 89, 3602; Zei/seh physical, ('hem., 1892, 9 , 171 ; Bohr and Bock, jinn, Physik, J$9,i/f 
44 , 318 ; Steiner, i bid, 1894, 52 , 275 ; Estroioker, Zeitsch. physi/caf. C/dm., 1899, 

Braun, ibid., 1900, 33 , 72i ; Just., 1 hut., 1901, ^ 7 , 342.; Knopp, ibid., 1(104, 48,^97 j 
-Oeffcken, ibid. , 1904, 49 , 257 ; ChiistolT, ibid., 1906, 55 , 622; D%n<;ker # and ^loles, ibid, l 
1911, 75 , 405; Fox, Trans. Faraday Soc, 1909, 5 , 68 : Usher, Trans. Chdn. Soc.,AQtt),* 
. 66 . 
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tlx _-.TI$ *jo%torpti6n' coefficient' ft 7 the volume of gas, reduced 
-7^0 tttftL, which is dissolved at a particular temperature (that ofexporimeuj 
vb| unit volume of the liquid when the partial pressure of the gas is 760 mrr 
lathe following tables it is expressed by tho symbol a. 

/. The solubility or coefficient of solubility is defined as the volume of ga 
absorbed under the conditions of experiment by unit volume of liquid, 1 and is 
usually denoted by l. This quantity may also be stated as the ratio of,the-' 
concentration of the gas in the gaseous space in a closed vessel to that in 
the'Saturated liquid below; for, by Henry’s Law, 2 the volume dissolved is* 
independent of the pressure. « * r 

The factors on which the solubility of a gas depends can .be summarised 
under four lioa(Js, the solubility varying:— 

•..7 (i.) With the nature of the gas. i 

The following table gives a comparison of tho values of a for a number ot 
gases at a temperaturo of 20°, the solvent being water;— 



Gas. 

a. 

Gas. 

a. 


Helium 

0*01386 

Carbon dioxide 

0-878 

*. 

Hydrogem. 

0-01819 

( ldorinc 

l L 2-260 


[Nitrogen . 

0-01542 

Hydrogen sulphide 

2 672 


Oxygen 

0-03102 

Sulphur dioxide . 
Hydrogen chloride 

1-- 39-374 


Argon 

0-03790 

1= 442-0 

" 

Carbon monoxide 

0-02319 

Ammonia 

710-6 


The neutral gases are soluble only to a small extent,‘'whilst those with" 
distinct acidic or basic properties dissolve readily, hydrogen chloride, 
.ammonia, and rrothylamino, for example, being extremely soluble. A second 
point of interest lies in the fact that the gases exhibiting great solubility are 
generally the most-easy* to liquefy. 

; . (ii.) With the nature of the solvent. 

, 7 Tho influence of "‘the solvent is shown very well by tho following values 
etytajrted by Jus* 3 for tRc solubilities of nitrogen and carbon dioxide at 25* 
in various common solvents :— l 

“ « 


- c 

a 

Solubilities (l) of: ' 

Solvent. 


N,. 

vV’uter 

Amyl alcohol .... 
Ethyl alcohol, 97% . ’ ] 

„ 89 * 8 % 

Benzene . 

Methyl alcohol «• . . [ 

Acetone .... 

Methyl acetate 

0-0302 

0-8256 

1-811 

2706 

2 425 

3-837 f 
6-295 * 
6-491 

Immeasurably small 
0-01634 

0-1225 

0-1432 

0-1159 

01415 

0-1460 








; :»'* (Hi?j*With the temperature. ""' '^W 'j‘}' : 

’ v 'In nearly all cases the solubility deerea&s as tlfe temperature rises. TH 
•alteration of solubility is illustrated by the following table of absorptjp 
coefficients of oxygen and nitrogen in water:— 1 


Temperature. 

Oxygen. 

Nitrogbn. 

0 ° • 

0 04890 

1 0-02348 

% 10 ° 

0 03802 

0 01,857 

•■ar 

0-03102 

O‘Olf.42 

•80° 

0*02608 

0'013I0 J 

50° * 

0-02090 

0-01087 

70° 

0*01833 

0-00976 

90° 

0-01723 

0-00952 

100 ° 

0-01700 

• 0-00947 


Xenon, krypton, argon, neon, and helium differ from other gases u 
showing minima of solubility in water. 2 a 

When a solution of a gas in a liquid is heated in a vessel open to tin 
atmosphere, the gas ns gradually expelled, and, if its solubility is accurately 
expressed by Henry’s Law, is completely expelled when the boiling-point o 
the solvent is reached. Aqueous solutions of hydrogen chloride, bromide, an< 
iodide in water dp # not behave in this mannor. When a cold, saturate 
aqueous solution of one of these substances is heated, gas is evolved (with 4 
little water); but even when the solution Jooils it still contains much dis 
solved gas, and eventually distils at a constant temperatm!! unchanged ir 
composition (see Vol. VIIL). 

(iv.) With the pressure: Henry's Lai/t. # 

The law connecting the effect of press&iro’with the*solubility of a gai 
was discovered by Henry in 1803, 3 and states that the concentration qf tin 
solution is proportional to the pressure of the gas. if the pTessure of gai 
above a liquid solvent be doubled, the inass of gas absorbed will be doubled 
but by Boyle’s Law the densify of the gas is alqp doubled; hence the volqpic 
entering tho*solution remains constant. From this fact, as already stated, 
the volume of gas dissolved by a liquid is independent of the pressure. • The 
very soluble gases, e.y. hydrogen chloride and ammonia, ^how deviations 
from Henry’s Law. « 

If a mixture of gases bo shaken with a solvent, the afiiounf of each 
absorbed depends on two factors, namely, tho solubility and the partial 
pressure (see p.*99) which each exerts in the gaseous mixture. The partial 
pre^tires of oxygen and nitrogen in air are in the ratio of their proportions, 
by volume, but since the solubility of oxygen i$ greater than that of nitrogen* 
the gas expelled from water wjfich has been saturated with air will be pro^ 
portionately richer in oxygen. Winkler 4 found the following^ were tUa 
amounts of gas expelfed from 1000 c.c. 5f water saturated with air at 
temperatures recorded below. In tl*e normal atmosphere the mean percent* 


1 L, W. Winkler, Ber 1891, 24, 8002. 9 

- 8 See Part II. of this volume ; also Estreicher, Zeitsch. physikdl. Ghent!, 1^9, 31 , 17<J; 
UitropojT, Proc. Roy. So t c., 1910, A, 83 , 474. • • > 

d* Henry, Phil. Trans., 1803, 93 , 29, 274. 

§ee Lancfclt-Bornstein, Physikahsch■ chemisclu Tabellen, 1905, p. 005, 
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age of oxygen is merely 20’9 to 21*0 by volume,* save in tropical countries,'' 
where it may fall to 20*4 per cent*:— 


Temperature. 

0 2 . 

No and Inert 
Cases. 

Total. 

0 2 j>cr Cent, 
by Volume. 

°0. 

c.c. 

C. <!. 

c.c. 


0 

10-19 # 

18-99 

29-1*3 

34-81 

5 

8-91 

10-17 

25-68 

34 69 

10 

7 '87 

14-97 

22-84 

34*47 

‘.0 

6-36 

12-32 

18-68 

34-03 

25 

5-78 

11-30 

‘J 7 08 

33-82 

30 

5-26 

10*38 

15*64 

33-60 


solutions ,of Liquids in Liquids.— Great variations are possible in 
the limits of solubility of liquid substances. Some liquids, such as sulphuric 
acid and water, are capable of mixing in all proportions over ;» considerable 
range of temperature. Zinc and cadmium, zinc and tin, lead and tin provide 
examples of the same nature among fused metals, 1 * 

When two liquids do not mix in all proportions, they form two layers after 
shaking together (provided the one in smaller amount is more than sufficient 
to saturate the other), each being a solution. Thus, ether and water form 
two layers, tho upper one a solution of water in ether, tlfe'lower a solution of 
ether in water. The two layers are spoken of as conjugate solutions, for the 
reason that on sufficiently raising the temperature, if the solubility of each in 
the other increases as the temperature rises, or lowering it if the mutual 
solubility decreasco with rise of temperature, a point is ultimately reached at 
which the composition of ouch layer is the same, and the two constituents 
then mix in all proportions. Thb temperature at which complete miscibility 
is reached is polled tht critical solution icmpcratlire. Zinc and bismuth in 
the liquid state mix in all proportions at and above a* temperature of 050°, 
this being the critical .solution temperature, apd belotf this point separation 
infb two layers ^occurs. 2 ' t ^ 

The mutual solubilities of liquids have been very fully investigated with 
organic substances. 8 « 

Solutions Of Solids in Liquids.— In no case will a solid dissolve to an 
unlimited extent in a liquid. The influence of various factors, such as the 
rise- of temperature on the solubility, has therefore to be determined. Tho 
' results are then expressed numerically, as grams or as gram-molecules of 
.’'solid taken up by a lixed amount of solvent, and solubility curves, in which 
the solubilities are plotted against the temperature, may be drawn. 

One or both of t'vvo method; may bo followed in determining the solubility 
- of easily or moderately soluble substances, namely, to agitate tho solid and 
liquid in a vessel maintained at the temperature desired, or to heat the two 
substances to a higher temperature than required, and then to cool to the 
temperature of investigation. In either case excess of the solid must be 
'present, not only to ensure saturation, but also to prevent supersaturatioij, 


' v 1 Hoycock and Neville, Trims. Chew. Soc., 1897, Ji, 383. See,also this volume, p. 11?*. 
'' a Heycock and Neville, loc. cit. ; Wright, Proc. liir)j. Soc., 1892, 50 , 372. 

-i. f ? See Findlay, The Phase Pule, 3rd edition (Longmans & Co., 1911). 
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and tho «eatflb value of the solubility ought to ensue whichever*m6th(xM8 
“adopted. 1 * 

For salts, such as silver chlorkle and barium sulphate, which ar£ but : 
slightly soluble in water, special methods have been adopted depending on 
the measurement of the specific conductivity of a saturated solution, or on a 
determination of the electro-motive force of a concentration tell containing 
the «alt in solution. 2 

Tho former method, which has had considerable application, is based on 
the assumption that the particular solution, although saturated, is so dibit© 
that the salt may be considered as completely split up into its ions. Now,- > 
according to Kfthlrausch’s Law, tho equivalent conductivity (sec p. 206) of^t 
salt increases with ifiution up to a point, and then remains .constant. Thia v 
limiting value (/t^) is uiade*up of contributions by each ion, called f ho ipnic 
conductivities , the latter having tho same value in whatever compounds tjj© 
ions occur, provided the conductivity considered is the limiting value.' 
Expressed in symbols, /x a , —u-\-v, for any binary electrolyte, where u and v are 
the ionic conductivities. Since wand v arc constants derivable from any salts 
containing the ions separately, it is obviously possible to calculate /i^, for any 
salt containing ions for which a and v are known. Thus, for silver chloride, 
AgOl, the ioni^ conductivity of the Ag ion is the same, whether derived from 
measurements with silver nitrate, AgN0 3 , or silver chlorate, AgOlO,,; and the 1 
same is true for the Cl ion, whether obtained from hydrochloric acid itself or 
from any soluble chloride. By addition of the two values so obtained, tho ' 
limiting equivalent conductivity of silver chloride is derived. The calculation 
of the solubility can now bo made in the following way : Let 0 be the specific 
conductivity of a saturated solution of the substance in highly purified water 
and V (unknown) the volume of solution containing 1 gram equivalent- of the- 
salt. The equivalent conductivity --- (1 x V. 

lhit if the salt is fully ionised, the equivalent coftdm?tivity measured is 
the limiting value, • * 

Hence, --= n A „ + 1 \= CV, and since a and v are known, and C is measured 
in tho experiment, V can bo calculated. * * *• 

The following table contains values obtained by this process at a tempera¬ 
ture of 18°, 3 tho solubility 4>eing expressed in terms (tf milligrams *of salt’ 
per litre of solution :— 


Substance. 

Solubility. 

Substance. 

Solubility. 

Substance. 

Solubility; 





• 

• 

liaF* 

. 1630 

Aglir 

.0-107 

l.’iiSII 

2010 

.SrF„ 

* 117 

Agl 

0 003* 

PbS0 4 

41 ' , 

LaF a 

16 • 

BaS0 4 

2-3 

PbCi0 4 

0-2 

Agn 

1 6 

grSO. 

114 

CaC., 0 4 .II .,0 

6*4 


_ _J 

-_ 

_ - 

. . _j 


See also Bottgor, ZciM^ jJnjsikal. Cft'm., 1903, 46 , 521 ; 1906, 56 , 83 ; Weigel, iWcL f , 
1907, 58 ,.293 ; Melcher, Amer. Che hi. Soc. , 1910 * 32 , 50. 


* • 1 For details of methodi see, for example,* OslAvald and Lulhef, Physiku chemsthe ’ 
Mesintngen , 3rd edition, Leipzig, 1910; Eyre, B.A. Re/iorts, 1910. • 

9 For an account of the latter method, see Findlay, Practical PhysicalVhe y istri/, p. 215 
’(Longmans, 1906). 4 

3 Kohluu^ch, Zcitarh. physikal. Chem., 1904, 50 , 355. 










Y*/, *ntrHuiuuinty decreases to a minimum and then ris^s, as.e£enh$TifH>d 
by calcium propionate 1 and by'anhydrous sodium sulphate, tbi 
minimum in the latter ctise occurring at about 120° C. 2 ** 

B. The curve exhibits sharp breaks Two possible causes, namely, a change 
Df polymorphic form or a change of hydration, 3 will give rise to a sudden 
break in the curve. The former case is illustrated by ammonium nitrate, 
whi-^Ji is capable of existing in no fewer than four crystalline forms. Of tli^se 
the /3-rhombic passes into the a rhombic variety at about 32* C. 4 * At this 
temperature a break occurs in the solubility (jjirve. 6 

The effect of change degree of hydration in the case of those substance^ 
that can combine with water is shown in the solubility curve of sodium 
sulphato (fig. 51).° 4%low 32'8° C. the stable form of this fealt crystallises 
with ten molecules of water* but above this temperature the anhydrous salt 
s stable. This transition-point is sharply marked by a break in the curve. 
*>o also tho points of intersection in the solutylity curve of ferric chloride 
fig. 52) in water correspond with the appearances of new hydrated varieties. 



■ until at tho last poifft of discontinuity there is transformation irgx> the 
anhydrous substance. • ' # 

From vthilt has been said it will bo evident that fclie determination of a 
.transition-point (pp. 67 G9) can be made by means of solubility measurements* 

• The solubility of a substance in water is closely connected with the lieat 
evolved or absorbed when solution occurs. Many substances absorb heat oh 
passing into solution, and in such cases the solubility in creases •with flempera- 
‘ ture. Salts capable of crystallising with water evolve heat when added th 
" the anhydrous tyrm, and *it is found that tin; solubility of the anhydrous form, 
usually decreases with ri^ of temperature. 

Van’t Hoff 7 gives the- following rules, which, although applying in theory 


1 Lumsdon, Trans. Chcm. $oc. , f002, 8 i, 350. 

2 Tililen and Shenstone, loc.9cit. • 

8 I.e. aji alteration in the solid phase in equilibrium with the solution. 

* Seep. 66 , also see Vol. II. 4 , 

6 Miiller and Kaufmtmn, Zeitsch. phi/si ka l Chcm., 1903, 42 , 497. 

.• * For a careful study of the changes in 4 he solubilfty of s<*liuin sulp 
linn. Chim. I'lujs., 1907, [viii.], io, 457 ; H. Ilariley, B. M. Jones, imd G.^.. Hutchinson^ 
1 Trans Chcm. Soc., 1908, 93 , 8 -“ 6 . 

1 Van’t Hoff, Lecturm on Theoretical and Physical Chemistry , translated by Lehfeldf 
" 1), part i. pp. 37-9. £ 
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to the solution of u Buusiauoe m » practically sutiymcu sum wen, usually hold j 
lor ordinary solution: if* a substance on solution gives out heat, rise 0 ? J 
temperature will bring abcAit a decrease m its solubility; if it absorbs heat, 
rise of temperature causes an increasing amount to pass into solution. 1 

2. The, Influence of the. Solvent .—Several regularities of a general char¬ 
acter have in recent years been brought to light connecting the extent of 
solubility with the Mature of the solvent. Some of these hold botl* for 
Solutions of solids and of liquids. It has been pointed out, for example, that 
miscibility of two substances yill readily occur (i^ if both liquids, such as 
carbon disulphide and benzene, have simple molecules, (ii.) if both are 
Associated, c.<j. formamide, water and sulphuric acid ; tyut tlifr solubility of a 
non-associated Substance in one that is associate^ is, as & rule, limited. Salts 
dissolve most freely in water, and it has been recently shown that in formamide 
this characteristic solvent power is reproduced very closely. Walden 2 also 



Fig. 52«—Solubility curve of ferric chloride in water. 


found«that with a ^erics of solvents the solubility of t salt was greater the 
mere strongly associated the*solvent. 3 * ^ t 

Solubility is probably also connected with the dielectric constant or specific 
inductive capacity of the solvent From a study of tlio mutual solubility 
of two liquids* Rothmund 4 suggested this relationship as existing, and, 
later, Walden 5 stated that when salts are dissolved by various liquids, the 
expression </ l/Jt is approximately constant, where « is the dielectric constant 
of the solvent and fi the percentage molecular solubility. 0 , 

Turner and Bissett 7 ha(e shown, however, that the preceding'relationship 


x 


i «Sr a discussion %f solubility,from the point oft-view of the Phase Rule, see Findlay, 
Rule and its Applications (Longmans H Co.* 1911), 3rd edition; see also 

TM rnaso ^ ^ 

■&<(«*. phynkal. Ckcm., 1906,5S. «*• ** „ „ '• 

« vZ fUqpnsaion if.the relation between solubility and association, see Crompton, Trans , 

« -1097 71 93V',Turner, Trans. Chem. Roc., 1911, 99 , 902. 

rhsikal <P*»i lm ' *’ r ‘ 

» Walifcn, Hei/srh. jAj/siM. Chem., 1903, 6i, 633. 

a r .. foeint the nunibrr 

! i- e - 

solution to NoUhe solvent 


433. 


f molecules of solute present in the saturated 
^Turner and Btaett. I'm Chcm. Soe., 1814, 105 , 947. 



SObtiMOTS,: SO.tUt^.Nj AND SM® PROPERTIES 6P SOLtftlpSBr. JW-7 ' 

S by iiu menus exact even cu wig cfi.se oi sotuies umt are eiectroiyTOSj aiiu,; 
fre&kft down completely when the solutes arc noifelectrolytes. 

3. The Influence of Pressure,- - Sorby 1 concluded that a rise of pressure 
noreascs the solubility of those substances which dissolve in a liquid with 
>ontraction of volume, but that it decreases the solubility of sijtrh substances 
as dissolve in water with an increase in volume. This is in harmony with 
the 'ftieorem of Le Chatelicr (see p. 178) and has received further confirmation 
from the experiments of E. von Staekelbcrg, 2 the results of which are gi^en- 
in the following table:—• 


THE EFSftCT OF PRESSURE ON SOLUBILITY. 


Salt. 

Change of 
Volume on 
Solution in 
Water. 

drams of Salt in one drain 
at. is°d., at* 

• 

of Solution « 

1 Atmos. 

400 Atmos.. 

500 Atmos, 



Piessiue. 

Pressure, 

Pressure. 

• 





Sodium chloride 

contraction 

0 264 

a 

0-270 

Ammonium chloride . • . 

expansion 

0-272 


0-258 

Alum .... 

contraction 

0-115 

0-142 




_ 

__ 

_ . 


It was first indicated by Braun 3 that if the change of volume on solution 
and the thermal effect are known, the quantitative effect of alteration in 
pressure on the solubility may be readily calculated (see p. 18d). 

Solutions of Gases in Solids. Adsorption and Occlusion.— 
^Gases have the power both of diffusing through, and'of being retained by, 
solid substances; and some of the phenomena observed aj;e to in* interpreted 
as due to tlie formation of a true solution analogous to that obtained when 
a gas dissolves in a liquid. ’ * '» 

Hydrogen readily # ai(fuses through metals, notably iron, platinum, and 
palladium. Devillo and Troo»t 4 appear to have been«the*first to observe this 
in the case'of 1’cd-hot iron and platinum, and in 1^(58 CailloteP 8 dre’w attention 
to the fact that hydrogen could pass through cold iron—an observation that; 
f was independently confirmed by Osborne Reynolds some six years later. 0 
Winkclmarui 7 found that the passage of hydrogen into an iron tube, forming 
the cathode in a cell, appeared to be independent of the pressure within the 
tube, and argued, therefore, that the hydrogen must diffuse in the form 
either of atoms ions. * s 

Palladium not only allows the diffusion ot hydrogen, but absorbs and 


Sorby, Proc. Toy, Sor., If63, £ 2 , 538. 

1 E. von Stackelberg, Zeilsck. physiku! . Chrm,, 1896, 20 , 337. 

1 Braun, Zeitsch. physical, Cfo'in , 1887, I, 259. * 

4 Deville and Troost, Compt. rend. , 1863, 57 , 894. 

B Cailletet, Compt. fend., 1868, 66 , 847. 

6 Reynolds, paper read before the Mancbekter J.iteraiy and Phihisophi^ari Society 
24th February 1874. • 

f 7 Winkelmann, Ann. Physi/c., 1905, [iv.], 17 , 089. Compare MMTain, BtiU May., 1909. 
£fi.], 18 , 916 ; Hagenjcker, Zet/sch. physi/atl. C/iem., i 909, 68 , 124 ; Sievevts aiia 
Langmuir, J. Amer. CKcin. Sac., 1912, 34 , 1310 ; 1915, 37 , 417 ; Langmuir and Alackay, 
-^.,1914,3^ 1708. 





f ,-.-iliis- a targe amount of hydrogen. Troosfc and, Hantefeuffld * 
aiitftpound Pd ? H was formed, hut Wolf 2 suggests the formula PdH 2 .* Th&i, 
.'hydrogen is said to bo occluded in the metal, the term occlusion signifying 
existence of a solid solution, cither of a gas in a solid or of one solid- in - 
another. ■'* 

Porous substances, such as charcoal, have the power of absorbing gases.' 
Certain features of ibis absorbent action resemble the solution of gafes in 
•'liquids. Thus, with charcoal, the extent of absorption depends, like that of. 
a gas in a liquid:— # ^ 

(1) On the nature of the gas, the most easily liquefied gases being 

absorbed to the greatest extent (see Yol. V.). * 

(2) On the- temperature, a fact well illustrated by'the following table of 

results found by Dewar:— 3 



Volume ub^oibcd by 1 c.e. 


of Charcoal at: 

Gas. 


• 


0 ° C. 

-185° C. 

• 


c.c. 

c.c. 

Hydrogen.... 

4 

135 

Nitrogen .... 

IS 

155 

Oxygon .... 

18 

•sBO 

Argon .... 

12 

175 

Helium .... 

2 

15 

('|rbon monoxide . • 

x 21 

190 


* • • 

ObviouslyHhe amount aljsorbed decreases with rise of temperature. 

• *' According to jftomfray, 4 Cccfdcs, 6 and Titofl’, 0 the absorption (Jr a gas by 
charcoal is r\£t rogu lifted by Henry’s Law, except, according to Titoff, foi 
"hydrogen between - 80“ and + 80°. Equations have been deduced, however 
to rejfi'esent the ab«or[ydon. Thus, for carbon,dioxide*m charcoal, Travers' 
fotmd the walu^ C/|/p to be constant, where P is the pressure *and C the 
concentration of the gas within the charcoal; whilst Hoitsema found the 
absorption of hydrogen in palladium to be represented by C/^/p = const. 

Now, Nernst has shown, and expressed the fact in his Partition Law 8 thal 
Henry’s»Law holds also for solutions other than that of a gas in a liquid. As 
the absorption of a gas by a solid does not obey Henry’s Law, tho question 
naturally arose whether tl^e absorption of a gas By charcoal was to be con¬ 
sidered as a case of true solution, or due to a surface effect. Recently, 


1 Troost*and Ilautcfouille, Ann. Chim. Phys., 187 ?Vv.],« 2 , 279 ; Compt. rend., 1874. 7 #, 

m. 

, ,Wol f/Zeitsch. physikal, Cherny 1914, 87 , 675; sco^Sifverts, ibid. , 1914, 88 , 108, 
contrast Hoitsema, ibid,, 1895, 17 , 1 ; Holt, Edgar, and Firth, ibid., J913, 82 ,*5; Halla, 
.ibid., 1914, 86 , 498; Andrew and Holt, Proc. fay. Soc., 1913, A, 85 ,170; also tee Vol. IX. 
8 Dewar, Compt^ rend., 1904, X 39 . 261^ 

4 Miss Honifray, Proc. Roy. Soc., 1910, A, 8 q, 99. 

8 Uedcfes, Ann Physik, 1909, [iv.], 29 , 797. 

8 Titoff,c Zcdseh. physikal. Chem., 1910, 74 , 641. 

7 Travers, Proc. Roy. Soe. , 1906, A, 78 , 9. 

” Nernst, Zeitsch. physikal, Chem ., 1891, 8, 110. 
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abfe'.t prove tlfa^ Che^'probe^ocdurriu^ .as, 

$f the absorption of hydrogen by charcoal, is actually'a combination' of 
processes—namely, a surface condensation termc{f adsorption which faKes - 1 ': 
.plaice rapidly, followed by a slow diffusion into the interior of the solid with-A- 
the formation of a true solid solution. In view of the fact that tJiG absorption A 
of a gas by a solid is a combination of two processes, M‘Bain haft proposed to .Ti#** 
employ the non-committal term sorption when referring (p the absorption as 
% whole, to call the diffusion of gas into the interior absorption , and to restrict 
-the word adsorption to the first stage of sorption, namely, the surface.^ 
condensation. 2 • % ■ ,v.j 

Solutions o^Solids in Solids. -The term “ solid solution ” was applied# 
by Van’t Hoff to certain substances which separate in the crystalline state. 
from liquid solutions on ooolirtg, the crystals not being the pure solvent but , 
a homogeneous mixture of solvent and solute—in short, solid solutions. A* ■ 
striking example of this came to light in the investigation by Beckmann and .• : 
Stock 3 of the molocular weight of iodine in benzene solution. It was found, v*^' 
that iodine always separated with the benzene in the solid state. Moreover, *v' /, 
the ratio of the average concentration in the liquid to that in the solid was--<‘ 
roughly constant; that is to say, Henry’s Law held for tho solid solution. 

C t is the mean value—before and after freezing—of the corfbenlration of ’'f 
iodine in the liqifid, and C 2 the concentration in tho crystals, each eoncentra- t \ d 
tion being expressed in terms of iodine per 100 grams of benzene, then, for 
three different strengths of solution, the following figures were found :— k 


3-39 
2 587 
0-9447 


Or 

1-279 

0-925 

t-317 


0 377 
0-358 
0-336 


Apart from the cases arising from freezing-point moAsuruments, however, 
ibiscibility in the solid state has been known for a considerable time. Until, 
recently, it*was believed that only isomorphous substances possess the 
power of crystallising out together, and, in turn, isomorphism recognised 
by the power of mutual overgrowth and of forming mixed crystals ( (i.e, ' 
kolid solutions), as, for Example# in the case of the alums. • It is now known.' 1 
however, thnt •overgrowths may occur with mibstan&es 4hut* are not 
isomorphous (see p. 7 2). t 

+, Miscibility in the solid state varies with the nature of the substances and 
the temperature, lietgers 4 defines six types of mixed crystals, according < 
to tho degree of solubility, this being dependent, according to*him,«m tho 
degree of isomorphism or identity of crystalline form. The first type is that 
in which the two aubstancdS can mix in all pqpportjpns, as exemplified by'zinc* 
sulpha^, ZnS0 4 .7ll 2 0 and jnagnesinm sulphate, MgS0,.7H. 2 0, and is followed 

'V 1 M'Bain, Phil. Mag., 1909, [vi.],Jj8, 916; see also*firth, Zcitfch. physikal. Chem., -V^’t 
J9f4, 86, 294. • • , 

9 Cases of “sorption ” analogous to those described in the text are observed whgn certain;^*3$$* 
i solids, e.g., chaicoal, are shaken up with solutions, a portion of the solute 

In the case of charcoal ami solutions of iodine in various organic 




^sorbed ” by tho solid 



Beckmann and Stoci ■JZeitsch. physikal Chew., 1895, 17 , 423. 
Jtetgers, Zcitsch. phyKkal. Chem., 1890, 5 , 461. 
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by ofcHer* types in which the miscibility diminisfes. In cases of> Kmitet 
solubility, two series of solid solutions are formed, each a solution*of the on< 
in the other, correspontfipg to conjugate liquid solutions. Thus, gluclnoti 
sulphate, G1S0 4 .411,0, can take up glucinuin selenato, G1 Sg 0 4 .4H 2 0, unti 
the composite crystals reach a concentration at ordinary temperature} 
of 7*33U1S(5 i 4 .4H.)0, (ll.Se() r 4M 2 0, whilst the selenato can take up sul 
phate more extensively —until, in fact, a composition corresponding t( 
4G1S0 4 .4H 2 0, G1 So 0 4 .4H.,0 is reached. 0 

• Modern research on the constitution of alloys has also brought to light 
many pairs of metals which tire capable of forming solid solutions. Thus 
Ag and Au, 1 Co and Ni, 2 Sb and Bi 8 are examples of metals which can mil 
in all proportions in the solid state; whilst (hi and i Ji, 4 A1 and Zn 5 , Au and 
Ni 6 are miscible only to a limited extent. 7 « 

% The formation of solid solutions, or the occlusion of the reagent or othei 
Salt by the precipitate, has also been noticed when precipitation occurs 
Thus, when Fe(HO) 3 is precipitated in the presence of certain proportion} 
of manganese salts, manganese hydroxide is co-preci pita ted and the twe 
hydroxides appear to be in solid solution. 8 Possibly these phenomena occur 
ring during precipitation may be shown by later iuvestigation # to be due parti) 
to adsorptioA, analogous to the adsorption of hydrogen, iodine, and othei 
substances by charcoal. • 

Although the power of forming solid solutions has until recently beer 
connected with the isomorphous relations between the solids mixed, othei 
explanations have lately been advanced. Abegg 0 believes that the postula 
tion of special crystallographic forces to explain the formation of double salt.* 
(a case of mixed crystal formation) is unnecessary and that the action ol 
. residual valencies can account for the phenomena observed Tammann 10 * and 
Guertler, 11 in discussing the formation of solid solutions of the elements, both 
deny that isom*>rpl»sm is the deciding factor. Tanunann finds that the 
capability df forming solid solution depends more on the temperature ol 
crystallisation tlmn on the clfemical analogies between the two substances 
whilst UuexUer belieftes that the faetois governing the formation of solid 
solutions are similar to those deciding the miscibility or otherwise of liquids 
Many pairs of elements are known to form extensive Aeries of mixed crystal? 
Although ^he difFervnt menlbers of a pair belong to different crystallographic 
systems. 

* Supersaturated Solutions.—When, a solution of a solid in a liquid, 
already saturated at a given temperature, is heated up with more of the solid 
until flll th%solid passes into solution, on cooling to the original temperature 
the excess of the substance in solution is not always deposited, crystallisation 
or precipitation being suspended. The solution • obviously holds a greatei 

.- f 

1 Roberts-Austei^and Hose. Pror. Hoy. Snc., 190£, 7*. (61. 

2 Guertler and Tammann, Zchsch anory. Chcm** 1904. 42 , 353. 

3 Gautier, Bull. Hoc. d'Enc p. find, nationalc., 1*896. * 

4 Gautier, Contribution a Vetude dcs alliayes, Pans. 

6 Shepherd, J. Physical Chcm., 1905, 9 , 501. 

6 Lovin, Zcilsch. anory. Chcm.. 1905, 45 238. 

7 See, for t$ full discussion of these, K. F. Law, Alloys (Giilfi* & Co., 1909). 

8 Sfte* Kortef Trans. Chcm, Sue., W905, 88, 1503 ; Creighton, Zcilsch. anory. Chemi 
)09, 63 , 53 ; Johnston an*d Adams, J. Amcr. (them. Hoc., 1911, 23 , 829. 

u Ab Veil sc A. anory, Chcm., 1904, 39 , 330. 

10 Tummann, Zcitsch. El&trochem ., 1908, 14 , 789. 

11 Guertler, Zcitsch physikal. Chcm., 1910, 68 , 177. 
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qwmiy ui ■•instance thill corresponds to the ordinary solubility wild,is tiki 
to be super sat united. Sadi •olutions can readily be prepared by'heating u 
sodium thiosulphate, sodium acetate, or sodium siflpluitc with water, ap 
allowing to cool without agitation. * * ; 

Supersaturated solutions, however, are always liablo to crystaltis 
spontaneously, particularly on exposure to air. Lowell 1 was apparently.th 
first to show, hfftvevcr, in the case of sodium sulphate, that crystallisatioi 
was not induced by contact with air that had been previously passed througl 
wateV, sulphuric acid, caustic alkalies, ghysK'tanol, or even through a series p 
empty flasks. Fifteen yeftvs later Violette 2 and dome/, 3 independently threv 
i considerable light upon the subject by showing that the spontaneous crystal 
lisation of supersatura*ied solutions of sodium sulphate in contact with air’ii 
iuc to the presenco ot minute crystals of the salt in suspension in the fitter 
which serve as nuclei stimulating crystallisation. Hence by washing or filter 
mg the air Lowell had removed these suspended nuclei, and in eonsequend 
retarded crystallisation. Lecoq de Boisbaudran 6 showed, in the following 
year, that not only could minute crystals of the same substance serve at 
nuclei, but that crystals of isomorplious bodies yield precisely the sarnf 
result; and it Js now known that this pro]ierty is shared by many substances 
Unit are not strictly isomorplious with the dissolved salt, provided their mole¬ 
cular volumes die closely similar/’ Ostuald showed that nuclei weighing only 
10“ 10 to 10 8 gram were usually quite sufficient to induce crystal!isatiop of 
supersaturated solutions. Furlliormore, it appears from numerous researches 7 
that mere mechanical friction is sufficient to induce crystallisation, such erysta 1 
lisation taking plac^n the complete absence of crystalline nuclei. 

Supersaturated solutions of liquids in liquids have only been realised ii 
a few cases, 8 but supersaturated solutions of gases in liquids are no 
uncommon. The addition of any powdered substance, to su-hli a soliftion 
however, will break down the supersaturation since the gases in the porei 
of the powder act as nuclei. Supersaturation of ibis kind differs frort 
that considered above, inasmuch as the nuclei imniediatoily escape from th( 
liquid, whereby their influence is severely limited. * 

It will be clear thu#a supersaturated solution of a solid in a liquid cahnot 
persist in the present of the jolid {iliase. 

Tub \ r .\i , our# I’rbrrubk ok Solutions. 

The Vapour Pressure of Liquid Mixtures Constant Tem¬ 
perature.— As a general rule it may be said that when one liquid dissolves 
dn a second, the pressure exerted by the mixti of vapours if less than the 

••Luwel, Ann Vitim. 1’hys., 1850, [\ii.], 29 , 62* 

a Violette, (Jirmpt. rend., 1865, 60 , 831. 

8 Oernez, Voifi/d. rend., 1865. 60 * 883 See also ibfy., 1865, 60 ,4027 , 1866, 63 , 843, 

• * Traces of sodium salts ar? always present in our island atmosphere, and these yield 
sodium sulphite and sulphate by union with the oxides of sulphur produce*during t^e 
combustion of coal, etc. * * ^ 

6 Boisbaudran, Ann. t him Phys., I860, [iv.], 9 , 173; see also J. M. Thomson, Zeiterh . 

- Kryst. Mm., 1881, 6 , 94 ; Ostwuld, Lchrbi%h, vol. 11 ., part 2, p. 780 

6 See Isomorphism ,*pp. 70-74. m * 

7 A. H. Aliera and his pupils, Trans. Okem. 9 Noc.*1906 l 80 , 413 101$ ; Prof?Roy, Sol,, 

1007, A, 79. 322; B. M. Jones, Tutus. Ohem. Soc., 1909, 95 , 1072; Young, J. AimK* 
Chm. Soc\ 1911, 33 , 148 ; Young and Cross, ibid. , 1911, 33 , 1375. * 

8 H. S. Davis, J. After. Chon. Soc , 19J6, 38 , 1160. • 
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^lut VI toe independent vapour pressures. This ft true whMto the liquid 
awPal^, partially miscible or are capable of beinjf mixed in all proportions . 1 2 
..';.On the other hand, If two liquids aro insoluble one in the other, eaci 
exerts its own vapour tension independently of the other, and the total vapoui 
preBMirc is tjie sum of the pressures exerted separately by tile two vapours. 

Dealing with liquids which can mix in all proportions, it has been fount 
that the curve representing the relation of the vapour tension of the solution 
at constant temperature to the ^molecular concentration, follows one of the 
three, general typos shown in fig. V3.t The simplest is type I., lying evenly 
between the values for the separate constituents, add in the limit is a perfectly 
straight lino, so that the vapour pressure could be calculated if the compost 
tion were known . 3 The more closely alike in chemical and physical behaviour 
the t*o -liquids are, the more closely does the< vapour tension curve of their 
mixtures conform to type I. 'tlms, ethyl chlorido and ethyl bromide give a 
curve which is practically straight; methyl 
alcohol and water give a curve with slight 
convexity upwards—tho curvature is more 
pronounced with ethyl alcohol and water; 
whilst propyl and the higher alcohols with 
water yield a curve with pronounced maxi¬ 
mum values, corresponding to type II. 
There is thus a gradual passage from typo 
1. to type IT. as the difference in properties 
between the two liquids becomes greater. 
Liquid oxygen and niwogen give a vapour 
tension curve which is nearly straight and 
that for oxygen and argon conforms also to 
1,00% 100 % typo I . 4 Type III. has a minimum value, 

l*’io. 53. »■ oo,i the other hand, and represents Die fact 

* . . ' that the vapour tension of the mixture may' 

e less than that c. cither constituent; e<j. formic acid and water.' 

, .P^tillaUpn of Liquid Mixtures at Constant Pressure.—A 
elution boils when its total vapour pressure equals the external pressure, 
he aomposit.en of tin vapour which passes „over depends on the character 
r the liqujds mixed- Tims, with liquids giving tho curve of type 1 1 ., the 
apour pressure of any mixture is always greater than that of the component 
. 1 excess of what is required to form the mixture of maximum vapour pressure, 
therefore, when such a solution is distilled, there is no separation into tho 
two components; the liquid which comes over first as distillate is a mixture 
• of the two components; and tho residue continually approximates in com- 
. position to the component in excess. Thus, the boiling-points of water and 
of’propyl alcohol respectively are 100° and 97'2° at 700 mm., but mixtures 
I 118 '? al temperatures below 97'2°. B’or instance, the mixture contain¬ 
ing 71 7 per cent, by weight o." propyl alcohoLborresponds witii tho maximum 
/{xunt on the vapour-pressure curve for 87'7°, and at that temperature its 
Vapour pressure is 760 mm. Bence the mixturo distils as a whole at 87'7*‘ 
..without change of temporature or composition. Any two substances giving 

1 See Reguajlt, Cumpt. rend. *1854, $i, .345, 397 . 

2 KVwiovalow, Wiecl. Annalcu , 1881, 14 , 34. 

* Seo Zawidski, Zcitsdi. physical. (Jhenu, 1900, r«$, 129. 

4 Inglis, Phil. Mag., 1900, [ vi. j, ii, 640. ^ 
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'a curve of. t^e II., similirly give what is known as a constant boiliog 
toixture or mixture of minimum boiling-point. m Such mixtures were 
Once thought to be compounds; tmt with alteration of the pressure the 
compositions of the distillate and residue were found to vary, thereby 
characterising the liquids as mere solutions. • 

- Liquid mixtures giving a vapour-pressure curve of type Ill. distil in such 
a way that the distillate first coming over is mainly the component in excess. 
The residue, therefore, continually approximates in composition to the mixture 
of lowest vapour pressure fc# and eventually there distils a second type of 
constant boiling mixture- namely, a mixture of maximum boiling-point.. 

Only with liquids giving a curve of the first type is a supination into the 
two components theoretically possible. The distillate always contains more 
of the higher vapour pressure component and obviously the residue moire of 
the lower. • 1 

Moissan and O’Farrelley 1 have shown that the binary alloys containing 
two of the metals On, Zn, Cd, Pb, and Sn, follow one or other of the three types 
of curves. Thus, Sn-Pb follow type 1.; Cu- Pb, type 11.; aiu^Cu Sn, type • 
III. The last-named alloy upon distillation yields a constant boiling mixture 
containing GO 
^ Fraction 
curve of type 

first obtained bo redistilled or separated again into distillate and residue, the 
second distillate will be richer than the first in the more volatile component; 
and further treatment of the first residue in similar manner will leave a 
residue of the seconcf component in a still purer state. By continuous 
repetition of these processes, separation may be made almost complete. Or, 
instead, the distillate may be collected in a mtmber of separate receivers, in * 
which case the first runnings will be very rich in one, and the residue rich in 
the second component. Such a process ih*known as ffactifinal distillation. 3 
ff the mixed vapours be passed up a column, o^ through a still-he/ld consisting 
of a series ol bulbs, and thereby cooled, the higher boiling component is con¬ 
densed more than the otjjjer, so that tho vapour passing out of Ae heart «of 
the column consists imynly of the lower boiling liquid. 4 

In inorganic chemistry fractional distillation is employed to separate the 
various constituents of the atmosphere from liquid*air.It is tflso used as a 
method of purification. (See Chap. YU.) 

The Vapour Tension of Dilute Solutions.— The preceding sections 
have been concerned with the vapour tensions of solutions of any strength, and 
it has been seen that whenever solution occurs the pressure of the # mixed 
vapours is always less than tho sum of tho separate pressures. When the 
solute is non-volafile the vftpour tension of t,he solution is always less than 
that #f the pure solvent. #The earliest investigations of the vapour tensions 
of solutions dealt with non-volatile solutes. Thus, von Babo 0 in 1848 


p<a* cent. Sn.' 2 

ll pistillation. —Even when tho liquids have a valour-pressure 
1., perfect separation is in practice impossible. If the distillate 


1 Moissan and 0’Farrcllcy,d7o#y^. rend., 1904, 138 ,^6'9. • 

3 See also Groves and T. Turner, Trans. Chan. Soc., 191*2, ior, 686 . 

* The method by which the sepaiation of <j,wo liquids from a mixture is effected bears a 
"considerable resemblance fo the method, explained in Vol. IV., by which sojjSsare separated # 
by Fractional crystallisation. • *•••, 

- 4 For a discussion of methods and apparatus for tho separation of liquids bwlistillation, 

;$ee Young, Fractional Distillation (Macmillan & Co., 190s). 

^ ♦ See this vol., Part II/,• Vols. VI. and VJJ». for nitrogen %nd oxygen, 
sy Ivon Rabo, fee Ostwald, ZehrbucJi, i. 706. 
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discovered that the ratio p/p, whore p and p arefthe vapour tensions or an 
aqueous solution and of water respectively, is independent of the temperature, 
and Wullner 1 found that the lowering of vapour tension produced by a 
non-volatile solute was proportional to the concentration. These regularities 
were further tested by various workers, but most thoroughly by Raoult, 2 
who used a Tanety of solvents in addition to water, and many types of solute. 
He found von Babd's Law to be true, and, for solutions which were ndt strong,' 
Wullner’s Law also. Much move striking than these regularities was ltaoult’s 
‘discovery that the molecular lowering of vapour fusion of any one solvent is 
the same for different substances. The laws rcgaiding the vapour tension of 
' dilute solutions may therefore be stated as follows• 1 

1. The ratio of the vapour tension of the solution-to that of the solvent 
is independent of tempeiature (von Babo’s Law). 

° 2. The lowering of vapouc tension (for a non-volatile solute) is proportional 

to the concentration at constant temperature (Wullner’s Law). 

3. Equimolccular quantities of different substances dissolved in a fixed 
- quantity of the same solvent produce equal depressions of the vapour tension 
(Raoult’s Law) provided the temperature remains constant. 

The molecular depression of vapour tension is a constant, C, defined by 
tho equation 

p in :* 

where M is the molecular weight of the solute, m the amount of it per 
100 grams of solvent, and p and p the vapour tensions of the solvent and 
solution respectively. 1 

Raoult found that tho relative depression ^ is equal to the ratio of 

the number pf molecules of solute 1 ^) to the total number of molecules present 
in solution, i.e., t 

p ~ V n 

« * “ -- v ;—» 

p .\ + n 

(r <■ „ 

\vhere N is the number qf molecules of the solvent. For^dibitc solutions, 
this reduces to 

p-p' = n 

' p ‘ N 

with sufficient accuracy. Owing to ionisation (sec p. 211), acids, bases, and 
salts give abnormal values for the molecular depression jind do not follow 
Wullner’s Law. " * 


The Freezing-Points op Solutions. 


* More than one hundred and twenty years ago, Blagden 8 discovered that 
tilh t° ^ retrz ^ n K'P°hit of a solution of a salt in wtitdl 1 lies below that of pure 
c vr itself, the extent of the depression being proportional to the concentra- 


— —Y r > ^ o yy- *03, 629 ; 1868, 105, 85 ; 1860, IIO, 564. 

1 s PompC. mid. ,1886, 103,1125 ; 1887,104, 976 and 1430 ; 1888,107, 442; Ann. 

2 ■Rh.oiiU.Xt 1 f vl * 1- 15, *375 ; 1890, [vi.2,20, 297 ; Zeilsch. dhusikal. Chem., 1888, 2 , 858. 

>788,78,277. 
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(ion of the*saft present. Cater workers 1 have studied this phenomenon in 
greater detail. # 

llaoult ’8 experiments on freezing-jK>ints were noUconfined to solutions of 
salts in water, but included investigations of other classes of substances 
dissolved in a variety of solvents. From his results the general* conclusion 
may be drawn that within certain limits, to be considered below, the addition 
of any substance to a solvent brings about a lowering of*the freezing-point 
of that solvent, the extent of the depression ^increasing with the amount of 
substance added. This stii^ement, it may*be noted, is only true so long as* 
the substance which separates out on freezing is the pure solvent. 

These facts nuty bo studied by returning in the first place to a considora- 
/ tion of what occurs when a dilute solution of a salt—sodium chloride, for 
example—is cooled from 0° downwards. Freezing first occurs at a temperature 
below 0 °, depending on the amount of salt added, mid the solid which separates 4 
is pure ice. Hence, by this process, the salt solution left is moro concentrated 
than the original one, and will have a still lower freezing point. By continued 
cooling, then, the water continuously separates as ice, and t^e remaining 
solution becomes more and more concentrated until saturation is readied. 
Obviously, at tlrfs point, separation of ice must also bo accompanied by a 
deposition of salt* and solvent and solute separate out side by side. Moreover, 
since the concentration of the solution is maintained at a constant value, the 
freezing-point mwtjt also remain constant during the separation of ice and 
salt together, (luthrio , 2 who investigated the continued action of cooling *on 
a solution of sodium chloride, believed tliattho ice and salt separated together 
as a compound, to which he gave the name cryohydrate, since complete solidifi¬ 
cation occurred always at - ‘22* and the amount of salt present was 23*6 per cent. 
The separation of the components at constant temperature and inronstant pro- , 
portion, not as a compound but as a mixture, is to be oxpected, however, from 
what has been said above, and the phenoffienon is in •accordance with the 
requirements of the Phase Rule (sco p. 174).« Apart from J;his*the ice can 
be removed by washing with alcohol, the physical properties, such as specific 
volume , 3 are those of a nyxture, and, finally, microscopic cxanun..?Mi reveals 
the separate existence ftf the two components. * ^ . 

The cryohydric temperature, # or temperature at which complete solidifica* 
tion occurs, is obviously the lowest temperature to which a*solution t>f sodium 
chloride can he cooled. All saltS dissolved in water behave similarly, the 
actual cryohydric point depending on the nature of the salt •The following 
substances may ho quoted by way of illustration .— 4 



Molecules of Water juu 
Molecule of Salt. 

NaOl . . . . I -22 U C. 

JO-6 

K„SO. . . . • - 1'2 

• 114*2 

NIl.Cl . . . -15 

12'4 

NH 4 l . . ... - 27-5 

4 • •• ! 

6-4 


1 Rudolf, Pogif Annalen, 1861, 1 14, 68 ; 1802, 116 , 55 ; 1871, 145 , 59^.* CoppcJ, Ann. m 

Chim. Phys., 1871, fiv.], 23, 866 ; 1871, 25, 5 tf 2 ; fhid 26, 98. Jiaoult, ibid., 1883, [v.], 28 , 
188 ; 1884, [vi.J, 2 , 66, 115 ; 1886, Tvi.J, 8 , 289, 317. • * 

2 Guthrie, Phil. Mag., 1875, liv.j, 49 , 1 ; 1884, [v.], 17 , 462. 

' s Offer, Sitzungsber. K.-Akad. IVins. H’ienp\880, 81 , li. lt)58. 

* Bancroft, pie Phase Mule, New York, 1897. 
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Instead of starting with a dilute solution of salt and con(&htrating it b f 
removal of ice, we may proceed by continuously adding the salt in' small 
quantities at a time, and making a determination of the freezing-point after 
each addition. In this way a freezing-point curve may be traced (fig. 54V 
plotting temperature of freezing against concentration. Starting from 0 , 
the lowor lilnit of the curve will be reached when the solution is saturated • 
and tho cryohydric point is reached. This point must also lk) on the 
solubility curve of tho salt in w^ter, so that the cryohydric point is the point 
t, of intersection of the freezing-poiift curve and the r solubility curve. 

The solubility curve may be regarded as a second freezing-point curve, 
for just as the original freezing-point curve represents the series of equilibria 
at different temperatures, between ice and the salt sedation, so the solubility 
curve deals with the equilibria botween the solid salt and the solution. On 




Coa:entration Concentration • 

Fig. 64.—Freezing-point curve Fig. 55.— Freezing-point cui ves Sn-Iii. 

of sodiupyshlorido nt v ater. 

•i 

,poohng, ice separates out along All, and salt along CB. The curve CB may 
be likened, therefore, to the freezing-point curve of water dissolved in salt. 

The two freezing point curves can be realised if solutions containing com¬ 
ponents other than salt and water are studied. Many metallic alloys behave 
exactly like a salt solution when the liquid alloy is cooled. Fig. 55 represents 
tho freezin^point diagram for tin and bismuth. If bismuth is continuously 
dissolved in molten tin, the freezing-point of the latter falls gradually until 
saturation is reached, an^J then deposition of the two metals at a constant 
temperature and in constant proportion occurs. This point cannot be termed 
the cryohydric point, since water is not involved; the general term eutectic 
is employed, tho°alloy which solidifies herd having the eutectic composition . 
For bistfiuth and tin this eutectic composition is 45 per cent. Sn and 55 per 
cent. Bj, the eutectic temperature being 143V' ..By starting with bismuth 
and adding tin, a second freezing-point curve is obtained ending in the eutectic 
point as before. Along AB, crystal*? of tin separate < when the solution is 
cooled; along CB, crystals o l bismuth. t 


1 Gaufier, Bull. Soc. d'Knc,. Ind. Nationalft, 1896. See also GWliver, Alloys (Griffin & Go., 
2nd edition, 1913), where the properties ancTconstitutions of alloys are fully discussed. 



f -VM.VIWH, ouiriit, rKUWCK'i'IEH OF SOLUTIONS* 117' 

\ ‘ Fig. 56rf*^)?’esents the diagram for lead and silver mixtures. The*eutectic ' 
temperature is 303°, and the dhtoctie alloy contains 4 jjer cent. Ag. 1 ' : 

It is obviously impossible to concentrate a solution of silvor in lead beyond 
the 4 per cont. strength by removing lead as in Pattinson’s process, 2 * 

The foregoing type of freezing-point curve is obtained only when the 
two components do not enter into chemical union and when they Are incapable 
of forming solid solutions. 8 • 

When compounds are formed, for every compound produced, an additional 
branch is obtainod cofttajipng a maximum point, if the compound has if 
definite melting-point under the prevailing pressure. Thus, with lead and 
magnesium 4 (fig. ^7), magnesium separates out between A and B as cooling • 
occurs; but at 13 the •ifutectic alloy deposited is found to consist, not of 



Mg and Pb, but of Mg and crystals of a new substance. •: mo eutectic 
alloy be remelted and more lead added, the freezing-point rises and the crystals 
•'separating on freezing are of neither Pb nor Mg, but the new substance. At 
the maximum point C, the compositions of the liqftid and the crystals 
separating are tRe same,* so that at this #poiut•also, solidification occurs 
as a Whole and at constant temperature. Since we are dealing at C with 
only one crystalline form, the noint C must represent tlqj melting-point of 
the* com pound produced (Pl}Mg 2 )f Further addition of lead lowers tjiis melt¬ 
ing-point, crystals of the compound continuing to separate as we pass from* 
C to D, until a second eutedtic is reached, consisting of the new compound 

1 Heycock and Nevilto, Phil. Trans., 189^, A, 189 , 883. 

8 Cf. the Pattinson process for desifverising lead, VaJs, II. and V. 

• Two components which form solid solutions to a limited extent only also give* double 
branched freezing-point curve, but in this case the crystals sepnratfng out are not the 
pdre solvent. • 

4 Grube, Zeitsch. anorg. Chan ,, 1905, 44 , n7. 
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■ and leacf. The curve El) is obtained cither by revolting this leeond eutectic 
and continuing the addition of lead, or by starting out with lead and add¬ 
ing magnesium. The crystals separating along El) are those of lead. 



Concentration 

Fin. 57.—Freezing-point curve, Mg-Pb. 


Whenever compounds can be frozen out from solution (and the pheno¬ 
mena are not complicated Ijy the formation of solid solutions between 
the compouifd and one or other of the single components), an extra branch 
of the freezing-point curve and an extra eutectic point appear in the diagram 
for each compound 'formed. Tlie maximum point on each added branch 



» Concentration 

Fig. 58.—Freezing-point curve, HN0 3 -water. 


gives tUp melting-point and tho composition offthe compound, inns witu 
•nitric acid and water 1 two compounds are formed, namely, llN0 g .3H 2 0 and 
HNOjj.ffoO (see fig. 58). Agafii, with ferric chloride and water, four hydrates, 
Fe 2 Cl (t . 12H 2 0, Fe 2 G\7H 2 0, Fe 2 Cl<j.5H,,0, and Fe^Cl^.dH^O, are known, and 
each ppssess^ a definite melting-point. These points"are indicated by the 
maximum points in the curvfe (see p7 10G). 

A study of the freezing-point curve is one of the most frequently used 

J Kuster und Kremanu, Zeitsch, anorg. Chem., 1904, 41 , 1. 
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means of tysVbg whether ^or not two substances, when mixecl togetlfcr in the 
liquid state, unite chemically* 

The third class of freezing-point egrvo represen ts # the behaviour of liquid 
mixtures of substances which are soluble in one another both in the liquid 
ind in the solid stato, so that when freezing occurs, the orvshijs deposited 
contain ooth constituents, and arc thus mixed crystals or solid uplu lions. If 
the two substances are soluble in one another in the solid state in all pro¬ 
portions, the freezing-point curve takes one of the throe forms drawn in 
59. Most pairs of inorganic substaifce* follow type I., Bi-Sb, 1 * Bt-vAu,? 
4g~Au, 3 and Co-Ni 4 providing examples. 

Mixtures of mgrcuric bromide and mercuric iodide have a freezing-point 
;urve of type III., 5 exhibits a minimnm point. But little is known of 



^ Fig. 51). 

examples of type II.,*although«nixtures of nmnganescfand its carbide, tVIn^, 
appear to fbllcfw this type . 0 It will be noticed that thojbhreep types of curve 
correspond with those which represent the vapour tensions of liquid mixtures. 

In order to understand thoroughly the behaviour of mixtures of* iso- 
morphous substances, or those which form solid solutions, the melting-point 
curve? of the solid substances separating must also bo represented^for the 
composition of the solid phase depends on that of the liquid from which it 
separates (see pf 109). These melting-point curvgp are shown as broken lines 
k the figure. They coiqpidc with the freezing-point curves at the maximum 
and minimum points. 

• If the solubility of the twd•substances in «the solid ?tate is limited, the' 
freezing-point curve is no? a continuous line, and the break is fhore pro-_~ 
nounced the more limited the series of mped crystals. Figs. QO and gI 
indicate the two typos obtainable. There is an appreciable break in the 

1 Gautier, Bull. Soc. Enc. fad. Nationafa 1896. ** m 

3 Erhard and Schertel, Janrbuch lierg- und ntUlen-vteseti, Sacliseu, p. 17. 

* Huberts- Austen and Hose, Proc. Roy. Soc., 1903, 71 , 161. • • * 

4 Guertlcrand Tammann, Zeilsch. anorg. (Jhem., 1901, 42 , 363. 

8 Reinders, Zeitsch. physical. Cheirifi 1900, 32 . 19?. 

8 Raff, Her., 1912, 45 , 3139, 
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Hg-Cct Curve,* but it is only slight compared witlvi that in the' T1N0 8 -KN0 8 ‘ 
curve . 2 In type B, lowering of freezing-point Occurs with the separation of 
mixed crystals containfqg only a small percentage of the solute, until the 
solvent becomes saturated and a eutectic is produced. No eutectic is formed 
with a mixture belonging to type A, but a transition-point is observed. To 
each freezing-point curve there is a separate melting-point curve. The hori¬ 
zontal lino in the diagram merely indicates the temperature at whrch there 
are in equilibrium the liquid solution and the two sets of mixed crystals. 



A further exjvnple of type A is provided by AgN0 8 -NaN0 8 . 8 Another 
example of type B which may be quoted is Au-Ni . 4 r 

In addition to the three classes of freezing-point curves already given, cases 
occur in which compounds produced may form solid solutiops with either or 
both of the compounds. The resulting curves can readily be deduced by con¬ 
structing the full diagram from the separate ertrves for the two binary 
mixtures, the compound and constituent A, thp compound and constituent B. 5 

o 1 Bijl, ZeitscJ nhynhal. Chem., 1902. 41 , 641. 

8 Van Kyk, Zeitsch. phgsikal. Chbn., 1899, 30 , 430. ** c 

* Umiak, Zeitsch. physilcal . Chem., 1900, 32 , 542. 

4 Levin, Zeitsch. anorg. Chem., 1905, 45 , 2SC>. i 

, B For,a more fymplete account of freezing-p^int diaruaras, see Findlay, The Those Rule, 
3rd edition (Longmans k Co., 1911) ; L («oerens, ‘Introduction to Metallography , translated by 
Ibbotson \Loigmanu & Co., 1908); Desoh, Metallography (Longmans & Co., 1910); Desch, 
IntermetalU e Compounds (Longmana k Co., 1914); Gulliver, Alloys (Griffin k Co., 2nd 
edition, 1918). ” * 
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vU by F racn °nai crystallisation or Liqflation. - 

Crystallisatioi) as a means erf separating two substances in a state of purit\ 

rom a mixture is comparatively siiyple when each Component, acting as the 
solvent, freezes out in the pure state; but when the substances form mixed 
crystals, separation ca,n only be effected by a lengthy repetition pf the process, 
as with fractional distillation, and there are certain cases in which no separation 
can be^brought about. The process necessary will be understood by reference 
to fig. 62, which shows a portion of the freezing- and molting-point curves of 
mercuric bromide and iodide. Since th^ciirves are temperature-concentration 
curves, it is obvious thatThe solid separating contains more of the bromide than 
the remaining buuid. At the temperatures t v and the concentration! 
of mercuric iodide in Ifle crystals are represented by A, <J, and E respectively; 
in the liquid, by B, D, and F. As the temperature falls from t , to t M both 
liquid and the deposited solid vary in composition. If, on the other hank, 
the solid separating at t z be isolated and heated, the temperature must be 
continuously raised before complete melt¬ 
ing is obtained. Starting with crystals 
of composition E, and applying heat, 
there will bo present at temperature t t a 
liquid of composition I) and unmelted 
solid of composition C. If this still un¬ 
limited portion be isolated and heated to 
the solid no& remaining is still richer 
in mercuric bromido. By a methodical 
repetition of these processes many times, 
on each fraction obtained, uniting por¬ 
tions that are similar in composition, it 
is possible to obtain finally a specimen 

of crystals which contains practically n<p ^Concentration 

iodide. A mixture of mercuric bromide Fig. 62, —Fractional crystallisation of 
and iodide can thus be separated into • isoinorpl»us mixtures, 
two portions, either bromide and the • 

mixturo of bromide anrt iodide of minimum freezing point; or mfltde, and the 
minimum freezing-jlbint mixture, according as one*shirts with a mixture 
rich iu bromjde or iodide respectively. Only .with a^curv^ of jbype I. (e.g, 
Bi-Sb) can a separation into .the two constituents bo made. Thus, the 
process is strictly analogous to the distillation of liquid mixtures. If the 
composition of the mixture be that of the maximum or ^minimum point, 
whew the freezing- and melting-point curves coincide, no separation can be 
made (unless the pressure be varied), the mixture behaving* as a chemical’ 
compound of infinite melting-point. 

.The Freezing-Points of pilute Solutions.— As indicated on p. 114, 

Blagden and subsequent workers found that the lowering of the freoziftgj- 
fioint of a solution was prcflprtional to tlx* concentration of the solute. 
Raoult made a thorough test of this relationship, 1 using a variety 4)f solvents' 
and including many organic solutes, as wellas, in aqueous solution, the saffcs 
whioh previous investigators had studied. Blagden's Law, that tfie lowering 
of freezing-point i$ proportional to|thc concentration, was found to be true,, 
provided the solutions used w^rc dilute • ancj it was furtharisiiown by Raoult 


1 Raoult, Compt. re*d., 1882, 94 , 1517: 95 , 187 and 1030; Ann, ChtmPPkys 1888, 
[V.J, 28, 138; 1884, [vi.], 2 , 66 . * ^ 
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that when the same solvent is used, equimolecular quantities of diflWeyt solutes 
produce equal lowerings of freezing-point. If the«gram-molecular weight, M, 
of the solute is dissolved 1 m a fixed quantity of a solvent—for example, in 
100 grams, —then the depression of freezing-point C° (termed the molecular 
depression) is.constant whatever the solute. The actual value is obtained 
by the use of»Iilagden’s Law. For, if m grams of solute dissolved in 100 
grams of the solvent lower the freezing-point A°, 

(J f M : m, 

C= AM . 

m 

Conversely, having onee fixed the value of 0, me previously unsnown 
»olecular weight of a solute qan be found. 

It ia now usual in defining C to make the fixed amount of solvent either 
1 gram or 1000 grams, when C is either one hundred times greater or ten 
times smaller than in the above case. 

Electrolytes'depart from the laws of dilute solution enunciated in this 
section, just as they do in the ease of the vapour-tension laws. 

Osmotic Pressure, 

When a substance passes into solution, it becomes uniformly distributed 
throughout the solvent, and in various ways its behaviour in this condition 
resembles that of a gas. 9 

That a close analogy exists between the gaseous and the dissolved states 
is evident from consideration of the process of diffusion in the two cases. 

A given quantity of a gas will expand to fill any space into which it is 
introduced, whether tl^.i space had* previously been evacuated or contains 
some other gifs. If a gas is present, the rate at which the added gas ‘ 
distributes itself i* considerably retarded. The diffusion or expansion may 
occui; even against gravitation, as when a heavy gas, or vapour (?■</■ bromine), 
is introduced at the bottom of a cylindrical vessel, ftike a gas, a substance 
in solution distributes ffcself throughout the \vhole volume of solvent. If 
a beaker of concentrated copper sulphate solution is placed in a*lai»ge trough 
and the latter carefully filled with water, tlie salt gradually diffuses in all 
directions until Jho solution is of uniform concentration throughout. The 
rate of diffusion is very much slower than that of a gas, owing to the 
great reerlstancp to movement encountered, but in other respects the' two 
processes are essentially alike. Since tho particles possess mass and 
velocity, there must in eaefy case be some driving force or pressure, which, 
in the one case gives rise to gas pressure, aqd in tljp other [i.e. in soliftiim) 
to osmotic pressure. 

Gas pressure is* readily measured at tl#£ surface or envelope which 
isolates thh gas, and is due to the bombardment of the surface by the 
molecules.. Although it is easy^to measure total gas«pressure, it is not e&sy 
to determine the pressure set up by a single gas present in a mixture. The 
measurement impossible if the pressurefdue to one gas*can be eliminated 
by* bringing it tb some fixed v^ue,/or•example, atmospheric pressure. To 
this end it ig necessary for the containing vessel to be constructed of some 
material which exerts a selective action, allowing one gas to pass through 
it but not the other. The possibility o^determining the pressure of nitrogen 
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in ft ini^tMe of this gf^s with hydrogen has been demonstrated bjr- Ramsay, 
A palladium tube containing the mixture was closed by o manometer an< 
surrounded by an atmosphere of Ji yd logon at 2M°, at which tempeAfcur 
hydrogen diffuses rapidly through tlie metal, whereas nitrogen is quite unabl 
to do so Hydrogen therefore passed in until its partial pleasure within wa 
equal to the pressure without—namely, atmospheric. The tot*l pressure nov 
regist'.Ted exceeded ono atmosphere, the excess being di*o to tho nitrogen. 

In a similar manner, the osmotic pressure of a substance in liquid solutior 
can be measured if the action of the'Aofvent molecules can be eliminate^ 
For this purpose, some ^emi-porineable partition—that i^, one permeable tc 
the solvent but impermeable to tho solute—is required. Tho selcotive actio* 
of such partitions ^are available appears to be duo to the power of the 
partition to dissolve one of the constituents, which, in this way, finds 8 
passage through from one side to tho other. 1 2 # ^ 

The surfaces of separation originally used in the study of osmosis wero of 
animal membrane. Traube 3 first suggested the use of membranes composed 
of substances, such as copper forrocyanide, which are precipitated in the 
gelatinous form. 4 Of the various precipitation membranes* tested, this one 
has proved n¥)st useful. Pfeifer, 5 who mado the first accurate measurements 
of osmotic pressure, deposited the precipitate within the poreswif a cylindrical, 
unglazed, earthonwa^e cell, thus providing a framework whereby the deposited 
membrano wiy^ greatly strengthened. The cells wero thoroughly saturated 
with water to remove air, then filled with a 3 per cent, solution of 
potassium ferrocyanido and allowed to stand in a solution of copper sulphate 
of the same strength for some days. 'Flic methods of precipitation have been 
improved by later, workers, and include an electrolytic process in which 
coppor sulphate and a platinum electrode arc placed within the cell and 
potassium forrocyanide solution and a copper electrode surrounding the cell, 
the solutions both being fifth or tenth normal. On^he jfcissage of a current, 
a membrane is formed halfway between the inner and outer walls, which can 
be made Strong enough to withstand a pressure of over tlTTrly atmospheres. 0 

If a cell such as has been described is filled with a salt sedition r closed 
by a stopper throu^ffi which a straight tube passes and then immersed in 
water, the latter enters tbo#cell and the solution rises* up the tubt^ at first 
at a rate appreciable within a few minutes, later more sjpwly^until a maximum 
height is attained. The entrance of water is due to the tendency of the 
solute to diffuse under tho action of osmotic pressure; and since the salt 
cannot pass through the membrane, water passes into the cell from without 
until equilibrium is attained, the height of solution in the tube Above the 
wator outside measuring the osmotic pressure. Owing to dilution, through 


1 Ramsay, Phil. Maq., W94, [vJ/ 38 , 206. 

2 See Nornat. Zeitsch. physikal. ('/inn., 1890, 6 , 88 ; Raoult, ibid., 1895, *7, 737 

•Tamiiunn, ibid., 1897, 22 , 49o ; (Jump/.. rentP, 1896, 126*1497 ; 1900, 131 , 1308: 

Crum Brown, Proc. Roy. &oc. Ed in., 1899, 22 , 439, for an account of lifer theoriw 
which attempt to account fy osmosis. • 

* 3 Traube, Archiv Anatomic und Physiologic, 18f$7, p. 87. • 

4 For other precipitation membranes, see Morse, Av in'. Vhsm. J., 1903, 29 , 173. 

8 Pfeifer, Os mot is the Untcr sacha tujen, Leipzig, 1877. „ 

0 For various methods of preparing o^noly; prcisuie cells, see Adi*, Trans eChem. Soc 
1891, 59 , 344 ; Morse and Horn, Amor. Chem J., 1901, 26 , 80; Mom and Frazer, ibid., 
1902, 28 , 1 ; Morse and others, ibid. , 1911, 45 , 91, ::83, 517; Borhcloy aitl Hartley, Phil. 
Trans., 1906, A, 206 ? 481 ; J. H. Poynjjitig and J. J. Thomson, Prop tidies of Mattel 
(Griffin & Co., 5th edition, 1909). * 
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the entrance of water, the osmotic pressure thus registered is not ilhat of,the 
Original solution, and to prevent the entrance of anything more than a trace 
of water, Pfeifer’s later measurements were made with a closed air manometer 
of capillary tubing containing an index of mercury, the pressure being 
measured by the compression of the air. 

The laws o> f osmotic pressure have been deduced mainly by a careful 
study of solutions of„caue sugar (sucrose). Pfeffer found that the osmotic 
pressure of such a solution is proportional to the concentration, as is indicated 
qydhe following results for a temperature of 13-7°C. 


Percentage 

Concentration. 

Osmotic Pressure 
in Atmospheres. 

1 

0-691 

2 

1-337 

3 

2739 

4 

4-046 




Further, it increases with rise of temperature. The following are Pfeffer’s 
data for a 1 per cent, solution of sucrose:— 


1 •Temperature. 

Osmotic Pressure 
in Atmospheres. 

Temperature. 

& 

Osmotio Pressure 
in Atmospheres. 

°C. 


°C. 


6-8 . 

0-664 

22-0 

0*721 

13-7 

0-691 

32-0 

0-716 

14-2 

0-671 

36-0 

0 746 

15-5 

0-684 - 








It was dl.i?overed by Yan’t Iloff 1 that, despite the irregularities in the 
above figures, Pfeffer’s results give considerable support to the theory that 
bhe^laws of osmotic pressure for dilute solutions correspond exactly with the 
gas laws. The tCmpenaturo coefficient of osmotic pressure is approximately 
bhe same as that of gaseous pressure. Hence osmotic pressure (I 1 ) is 
proportional to f,he absolute temperature (T), or Px T. Since also the 
)smotic pressure is proportional to the concentration, it varies inversely as 
be volume (V)/>f the solution, ie. Px 1/V. Hence, when temperature‘and 
joncentration both vary,'Px T/V, or 

' PY=R'T, 

'• 0 o 

vhere R' is a constant. For a 1 per cent, solution of sucrose at 6 * 8 ° C., the 
>smotic pressure is 0-664 atm Os., or 0-664 x $6 x 13*6 x 981 dynes per sq,. 
m\,, and \, the volume which contains 1 gram-molecule (342 grams) of 
liicrose, is 342 x 100 c.c. Further, T = 273 + 6 - 8 . licence, „ 

_ V y T = 0b64 x 70 X 13-C x 981 x 34200 
■ h = 8*23 x 10 7 C.G.S. units. 


1 Van’t Iloff,, Zeitsch, pkysikal. Chevi., 1887J^x, 481 ; I'hil. Mag., 1888, [v.], 26 , 81. 





Wp:' v '■ ' , i’ |r' v .■ 

: SOLUBILITY, SOLUTION, ANJ? SOME PROPERTIES OF SOLUTIONS. 121 

This vatoe*S in such excellent agreement with that of R in the gas equatibi 
{p. 27) as to quite justify* Van’t Hoff’s statement that the osmotic present 
of a substance in dilute solution is equal to the pressure that it would exert % 
it were converted into a gas at the same temperature as t and made to occupi 
the same volume as , that of the solution. In tho main, this statement hai 
been fully confirmed by later workers. 1 • 

Si»ce Pfeffer carried out his measurements, the osmotic pressures of aqueous 
solutions of sucrgse have been tho subject of numerous series of experiment! 
by Morse and others, pressures of 28' # atmosphores having been measured 
with accuracy. 2 As a result it has been found that even when solutions oi 
only moderate*« 4 pnce^tration arc examined, the osmotic pressures observed 
differ considerably from the values that would bo expected if Van’t Hoffs 
Law held good. Morse and Frazer 3 have proposed the following modification 
of Van’t HolFs Law, as being more accurate than the original statemea*: 
The osmotic pressure is that which the substance would exert if converted 
into a (perfect) gas and the volume reduced to that of tho solvent in tho pure 
state. Accordingly, Morse and his co-workers always prepared their solutions 
so as to be 0 1, 0‘2, 03... times weight-normal in concentration, a weight 
normal solution containing one gram-equivalent of reagent per 1000 grams 
of solvent. TJic following data for sucrose at 20° will serve^to illustate the 
superiority of Morse #ind Frazer’s statement to that of Van’t Hoff'when other 
than dilute solutions are considered (pressures are given in atmospheres):— 


WelRlit- 

Osmotic 

• 

Osmotic 

Weifiht.- 
N 01 mal 

Osmotic 

Calculated 

osmotio 

Pressure, 

Coneeutra- 

tion. 

observed. 

♦Van"t IlolF. 

Mi use .llid 
Fi a/.er 

t'oiiCflltlA- 

tl<*i 

observed 

Viui’t Holt. 

9 

Morse and 
Fruzer. 

0 1 

2*59 

2-34 

2-39 

• 0-6 


» 12-72 

14-34 

0 2 

5-06 

. 1-59 

4 78 

0-7 

18-13 

14*58 

1673 

0-3 • 

7-61 

6 74 

717 

9 8 

20 91 

v* 16 "3*5 

19-12 

0-4 

10-14 

8 82 

9-56 

0-9 

-3-72 

18-08 

21 61 

0-6 

12-75 

JJ) 81 

11-95 

ro 

2o 61 

19 

?3-90 



Morse*and Frazer’s rule, however, is only approximately‘true* and breaks 
down completely when applied to the high osmotic pressures measured by 
Berkeley and Hartley. 4 s 

The effect of temperature upon the osmotic pressure has been shown by 
MorSe and his co-workers to resemble that observed in the ^ase Af gaseous 
pressure, if allowance is made for the combination occurring between water 
and siicrcm m f * 

* 'Hie osmotic pressure of a dilute solution of a salt is not proportional to 
the concentration, and on comparison with a non electrolyte a molecular 

--—**---*-*-- 

1 For a short account Hoffs theory and its limitations, see Chap VI. 

* a Morse and others, Amer. Chcm. ] 90f>, 34, 1 ; 190*!, 36, 1, 39 ; 1907, 37 , 324, 426, 
658 ; 38, 176 ; 1908, 39 , 66 ? ; 40, 1, 194, 266, 325; 1909, 41 , 1, 92, 257 ; 1911, 45 , 91 , 
237, 383, 617, 564 ; P9I2, 48, 29 Pressif-os as high as 134 atmos. haw been measured by 
the Earl of Bcikeley and E. U.*J. Jlartfey? see# Berkeley and Hartley, I’/kl Trtttis., 
1906, A, 206, 481 ; 1908, A, 209, 177 ; Berkeley, Hartley, and Stephenson, •ibid., 1909 ; 
A, 209, 319. * * t 

3 Morse and Frazer, Amer. Chcm. J., Ifip5, 34 , 1. « 

• 4 See Lewis, J. Amer. Chem. Soc., 1908730, 668. 
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quantity ofc a salt always exerts much the higher qsmotic pressure. As an 
example, the data for aqueous potassium ferrocyartidc may be quoted:— 1 * 


Grams K 4 Fc(CNY, 

Observed Osmotic 

Calculated Osmotic 

per lOOgms. water 

Pressure (Atmospheres). 

.. . 

Pressure (Atmospheres). 

13-580 

<9‘25 

7*95 

8-897 

13«»2 

5 29 

6 631 

9-19 

‘ ' 3-39 

3-035 

5 41 

1*84 

1-518 

2 93 

t 0-9 Zr ' 


For binary salts, such as sodium chloride, dilute solutions have an osmotic 
pressure of approximately twice the calculated value. 3 These “abnormal” 
values were first explained by Arrhenius on the assumption of ionisation 
(see p. 212). 

Indirect Methods of Measuring Osmotic Pressure. —The osmotic 
pressures of different solutions may also be determined by comparison methods. 
The contents of-plant cells are enclosed in semi-permeable merpbranes, and if 
the colls are placed in strong salt solutions the protoplasmic contents shrink 
away from the cell walls, which latter do not alter their shaye. If the cells 
are now placed in pure water, the protoplasm swells out again and completely 
fills the cells. From this it is clear that if the osmotic pressure of the solu¬ 
tion is greater than that of the cell sap, tho protoplasm* contracts—that is, 
vlasmolysis occurs. If, on the other hand, the osmotic pressure of tho 
solution is less tdian that of the cell sap, the protoplasm does not separate 
‘rom the cell wall. Two solutions are therefore prepared, one of which just 
causes plasmolysis rherpas the othen just does not. Tho mean of theso con- 
jentrations gives a solution of osmotic pressure equal to that of the cell sap— 
n other words, the 1 solution is isotonic with the cell sap. Solutions 4 * * * of other 
alts may b^nrepared ir? a similar mannei, and these aro then not merely 
sotonic with the cell sap hut also isotonic with one another. 8 By noting 
he dilifoions required, tke relative osmotic pressures of the original solutions 
an readily lie calculated. * » * 

In a somewhat analogous manner isotonic solutions may bo prepared by 
he aid of blood corpuscles, but for an account of tho methods of procedure 
he reader is referred to the subjoined references. 4 

Osmetic Pressure and Raoult’s Laws.— Indirect measurements of 


1 Berkeley, Hartley, and Stephenson, for. at. ' ' 

8 For tho results of osmotic pressure Vneasuremcuts with various salts, see tie i rj, j, 
I eitseh. H physikal. Chan., 1888, 2 , 415; 1889, 3 , 103; Adio, \oc. cit ; Berkeley, Hartley, 
nd Stephenson, loc. cit. t t 

3 See Rys^lberghe, Reaction osv^tupic des cellules*vAjt/aps, Bruxelles, 1899; Brings* 
eyn’s Jahrbucher wissenschaftlichc Botanik, 1884, 14, 27 ; also do Vries, loc. cit. 

4 Hamburger, Dubois-Reymond’s Archiv , physiologischa- Abk, 1886, p. 476 ; 18§7, 

31 ; Zeitsch. physikal. Chan., 1890, 6 , 819; Zeitsch. Biologic, 1889, 26 , 414. Lob, 

eitscL physikal. Chcnu, 1894, 14 , 424. Grijns, Verslagen Kon. Akad. Wetensch. Amst., 
eb. 1894; PlUigc/s Archiv, 1896, 63 , 86 . Hfiin, Zeitsch physical. Chem , 1895, 17 , 
14’; Pflugir’s Archiv, 1895, 60 , 300.* Koppe,* ZeitscM physikal. Chem., 1895, 16 , 261, 

assart, Archives de Biologic , ‘Beiges, 1889, 9 , 15. WladimirofF, Archiv Hygiene , 1891, 
>, 81 ; Zeitsch. physikdl. Chem., 1891, 7 , 521. A very good account of several of these 

•thods is given by E. Cohen, Physical Chen^iry, translated by f M. H, Fischer ( Bell k 
>ns, 1903); J, C. Philip, Physical Chemistry (Arnold, 2nd edition, 1913). 
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the osiwRiS'pressures offlilute solutions may also be made by determination! 
of the lowering of vapour pf ensure, elevation of boiling-point, or depression o 
freezing-point, since each of these, magnitudes nj.ty be thermodynamically 
correlated with the osmotic pressure. 1 It is possible in this manner U 
obtain results of a high degreo of accuracy when the requisite‘physical con¬ 
stants involved in the calculations are accurately known. For instance, the 
osmotic pressure in atmospheres of an aqueous solution at its freezing-point 
may be calculated from the equation i 

•• V ~ 12 06A - 0 021 A 2 , 

where A denotcs*the Repression of the freezing-point. 2 

It may be sho\^n 3 that for dilute solutions the osmotic pressure, P, ia 
connected with the lowering of vapour tension by the equation— 

RT, 
p M ’ 


or more exactly by the equation— 

• p D Io R P. RT * 

• V M 


where p and p arc tig) vapour tensions of solvent and solution respectively 
at the absolute temperature T, .<? is t he specific gravity of the solvent, R is 
the gas constant, and M is the molecular weight of the solvent in the gaseous 
state. • 

The osmotic pressure of a dilute solution is connected with the lowering 
of freezing-point, A, by the formula • t 


lOOO.xLA 

lU-nV 


• » 


where L Is the latent heat of fusion of the solvent in calories and T tho 
(absolute) freozing-poijjt of the solvent. * 

The same formal*is applicable if A denotes the elevation of boiling-point, 
L the latent heat of vaporissftion, an<l T the (absolute)*boiling-point of ^he 
solvent (the Solute being supposed non-volatilej. 4 • * 


1 See, for instance, Van’L Hoff, loc. cit. ; Whetluun, Solutions (Cambridge University 
Press. 1902); Nernst, Theoretical Chemistry , translated by Tizard (Macmillan & Co., 3rd 
edititm, 1911); Lewis, J. Amer. Chcm. Soc., 1908, 30 , 668 ; and the references citefl on p. 209. 

2 Lewis, loc. cit i 

3 Van't Hotline, cit. ; Anhemus, Zeilsch. physical. Chein., 1889, 3 , 115 ; Nernst, opus 

ciL ; jYktfrftflTn, opus cit. * J 

^ For a further account <>f osnioti> jnessiiie, see Findlay, Osmotic Pressure (Longmans 
k Co., 1913b An account of the cxpeinncnial methods used by Pfeifer, Morse, and Hbrkeley 
iy>d Hartley is given by Lowry in faience Progress, 1ft3, 7 , 544. * 
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CHAPTER IV. 


MOLECULAR WEIGHT AND ITS DETERMINATION. 


The terms “molecule ” and “ molecular weight” have already been defined in 
the first chapter of this volume. Although much evidonce of the reality of 
molecules now exists , 1 no methods of measurement have yet been devised for 
the accurate determination of their absolute masses. In chemistry, however, 
one is concernorl almost exclusively with the comparison of molecular weights. 
Accepting Avogadro’s Hypothesis as a fundamental principle, this comparison 
can be readily accomplished by methods which were indicated by Avogadro 
and finally established through the clear exposition of thtf liypothesis by 
Canniva-aro. 

Nearly thirty years after Cannizzaro’s system was published, Van’t Hoff 
proved that substances in solution exhibit an analogy to gases, being amenable 
to the gas laws, and therefore to ^vogadro’s Hypothesis. “A method was thus 
discovered by vSiich their molecular weights might be compared . 2 

No such generalisation, however, has yet been discovered for liquids. 
Various methods of comparing the'molecular weights of substances in the 
liquid state have Wm devised, an\ some of them are discussed in thh chapter, 
but none gives more tlyin approximate values. Of the molecular state of 
solids still fe& is known, and no attempt has been mrfcjo to describe any of 
the methods which fyive % becn suggested for its investigation. Moreover, the 
modern theory of crystal structure indicates that, in the case of qrystalline 
solids the term “molecule” has little significance . 8 

Tho determination of molecular weights is a necessary preliminary to a 
knowledge of tho atomic weights of the elements , 4 but only in the cases of 
substances gaseous at ordinary temperature can exact molecular weights be 
directly determined. Jn the majority of cases it is necessary to determine 
approximate molecular'weights of elements and compounds^ and also the 
accurate chemical equivalents of tho elements. From these two sew 'Ldata 
the accurate atomic weights of the elements' and life molecular formulae of 
the elements and compounds ca,n be deduced. *Exact molecular weights are 
then derive! by adding together for each substauci the relative weights of 
thfe atoms present in the molecule. % 

As obtained by physical measurements, molecular weights do not always 


J See, ftr exampll, the section on Cflloi^Chi-mistry 78). 

2 See Chaps. HI. and VI. <* 

8 Orot.h, hwoductiofi to Chemical Cry sialloyrayhy, translated by Marshall (Gurney & 
Jackson, 190*), chap. 1. t ^ 4 

4 See Chap. VII. ^ 
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correspond tvtth the simplest formula) that can be assigned to iho sub¬ 
stances concerned. ThuS, knowing the atomic weights of mercury and 
chlorine, respectively, an analysis of mercurous chloride would lead us to 
assign the formula llgCl to the substance. The molecular weight determined 
by the vapour density, 1 however, indicates the formula to bi Hg 2 CI 2 . Like¬ 
wise, cuprous chloride is Cu.>Cl>, not CuCl; and nitrogen poro\u|p at ordinary 
temperaKie N 2 0 4 , rather than N0 2 . In the majority of c^ses, especially when 
the molecular weights are derived from vapour densities, the molecular weights 
and molecular formula; correspond to the simplest chemical values. On thig ( 
account, values which are*ifot identical with the simplest possible are often 
spoken of as abnormal. According to this usage, mercurous, cuprous, and « 
aluminium chlorides yfld nitrogen peroxide provide examples of substances 
exhibiting abnormal molecular weights. But the vapour densities of 
aluminium chloride and nitrogen peroxide decrease with rise of temporatu^. 
until at length the values obtained correspond with the simplest formula; 
AlClg and NO.,. Such substances may, therefore, be regarded as made up of 
molecules which, in certain circumstances, possess the power of aggregating 
or associating. • 


Tflu Molecular Weights ok Oases and Vapours* 

The molecular weights of gases are, according to Avogadro’s Hypothesis, 
proportional to their relative densities. Some standard of comparison is 
therefore necessary, and, for the present, the element oxygen has *Seeu 
selocted and assigned#tlio molecular weight 32. If therefore l) 0 represents 
the gas or vapour density compared with that of oxygen, 2 * * and M is the 
molecular weight of the substance, • 

M : 32-D 0 : i, 

or M = 32O 0 . 

If, again, the vapour density measurement isfnade relative f ♦hydrogen, then, 
since the molecular weight of the latter is found to Jje 2 016 when that of 
oxygen is taken as 32, 0 

M-2016D,,, 

where D„ is the density compared with hydrogen? 

Or, again, in many cases, tho gas is simply compared with air. In such 
% case, # * 

M = 28‘05D a , 

D a being the density compared with air, and 28 95 and 32 the numbers whioh 
ixpress the relative densities of air and oxygen. 

Tho j^cess may be regarded in another and very simple way. For,' 
line? 32 grams of oxygen occupy, fit 0° and 760 mm., a volume of 22,400 o.c., 
he molecular weight of a substance will be the weight (iy grains) which in 
h£ gaseous form occupies £2,400 c.c. at normaf temperaturo and pressure. 

The methods available for the experimental determination of the densities 
»f g&ses and vapours faTl mto two classes, iiccording as they are capable of 
raiding exact or merely approximate results. Exact determinations are pos- 
ible only when tho sftbstances ajo ga^'ous at ordinary temperatures. 8 # Liquid 

1 For the dry substance; see p. 142 ; also Vol. III. • 

2 Of coufso, at the same tempeiutuio and pressure. 

8 See Ramsay and Steele, Phil. Mag., 1903, fyi.], 6, 492.. 
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and solids substances have to bo vaporised, and the gas laws do ii6t accurately 
describe the behaviour of vapours. 

The Exact Determination of Densities and of Molecular 
Weights of Gases. —it is possible to carry out such determinations with 
hydrogen, oxygen, nitrogen, carbon monoxide, carbon dioxide, methane, 
nitrous oxide etc. 

Regnault’s method, 1 which was an improvement on that of A "ago and 
Biot, and has itself been improved by subsequent workers, is employed and 
, is as follows:— 2 

A glass globe of known capacity is carefully cleaned, dried, evacuated, and 
. weighed. It is then filled with pure gas, at an observed pressure p and 
temperature T, and reweighed. The value of p is usually about 760 mm., 
and the value of T is almost invariably O’ C. During the weighings the 
globo is counterbalanced by a “ dummy ” globe made of tho same kind of 
glass and being as nearly as possible of tho same weight and external volume 
as the experimental globe. The surfaces of the two globes are always treated 
in precisely the same manner. In this way errors due to the hygroscopic 
nature of glass and to changes in the temperature and pressure of the air in 
the balance room are avoided. 

In order ^o explain the method of calculation, suppose ,tliat tho excess 
weight of the evacuated globe over its tare is w 1 grams, and that of the globe 
plus gas is w 2 grams. The approximate weight of gas 1 is then (w. 2 - w } ) or w 
grams, say. It may be supposed that T is equal to 0° *C. and that p is 
approximately 760 mm. 

Now, the glass globe, being elastic, responds to pressure, so that the 
volume of the evacuated globe is a trifle smaller than that of tho globe when 
filled with gar L 8 Let this diminution in volume o* the globe, due to evacua¬ 
tion, be called e c.c. A correction to the weight w is clearly necessary. 
Assuming that 1 p.c. air under laboratory conditions weighs a grams, the 
upward fore* of the atmosphere on the globe, when filled at atmospheric' 
pressure, exceeds chat on tho exhausted globe by ae grams. The corrected 
weighs n V'jje gas is therefore w + ae grams. 4 

The volume of the globe is deduced from the weight of water that it 
holds. 1 If the apparent weight of water (corrected if necessary for the weight 
of air displaced, by fhe water) filling the globe at 0° O. is W t grams, and d 
is the density of water at 0° G., tho volume of the globe at 0° C. is 
W/c?‘c.c. = V litres, say. 

Hence, assuming the validity of Boyle's Law, the weight L of 1 litre of 
gas at 0° C. and 760 mm. is given by— 


t as .760(w + o«) 
je= 


grams. 


1 t 

In OFfler to deduce tho weight of a “normal litre,” i.e. the weight of 1 litre 
of the garnt 0“ C. And ICO mu. pressure, at- sea-level in lat. 45*, the abeve 
yalue of h must be divided by— 


(1 - 0-0026* cos 2A - 0-000000^ 9*64), 


• 1 Renault, CoiXpt. rend., 1845, 30 , 9^5. S' o 
2 For $ more detailed account, see Chap. VII. 

8 Rayleigh*' Vroc. Hoy. 8or. t 1888, 43 , 356 ; tho correction thus shown to bo necessary to 
the results of all previous work, was applied tp Regnault’s results c by Crafts ( Compt . rend., 
1888, 106 , 1662). 4 The measurement of e is described in Chap. VII. (p, 260). 
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where A - latitude of laboratory and h = its height, in metros, above 
sea-level. * * » 

The value thus obtained is still subject to correction for at least two 
further sources of error: (i.) that owing to “adsorption" of gas by the inner 
surface of the globe, and (ii.) that introduced by assuming the validity of Boyle’s 
Law. The first source of error causes the result to be high ; ^magnitude is 
small, ard special methods are required to measure it. 1 for gases difficult to 
liquefy the correction may be ignored, but /or easily condensible gases, such 
as hydrogen chloride, it should be determined if a high degree of accuracy # 
is required. A number of*experimenters have endeavoured to determine the 
influence of thift source of error by measuring the density of the same gas. 
in a number of dificnyft-sizod bulbs. It would bo expected that the measured 
densities would increase with a diminution in the size of the bulb. The 
results indicate that the magnitude of tho error must be small, but yield yp 
definite results concerning the extent of adsorption. 2 It is not possible to 
eliminate the error by weighing the globe filled with gas under a few mm. 
pressure instead of weighing it ovacuated, since the extent to which adsorp¬ 
tion occurs varies with the pressure (p. 108). • 

The second source of error may be rendered negligible by ensuring that 
the globe is filled with gas at a pressure which differs from 76^ mm. only by 
a fow mm. Otherwise, a correction is necessary, which can readily be 
applied if the compressibility of the gas at 0* C. is known. 3 


DENSITIES, CRITICAL TEMPERATURES, AND 
* PRESSURES OF GASES. 


Gas. 

r. 

l/U,. 

T, 1 

IV. 


- # 

. 4 


— 




* abs. 

1 atinos. 1 

Hydrogen .... 

0-08987* 

0-0(5289 

if 

19-4 

Nitrogen . 

1 2506 

0-875-4. 

128 0 

33-ii 

Carbon monoxide, # . 

1 -2603 

0-875u 

133-5 

■fo b 

Oxygon . • 

1*4210 

1-OOOu 

154*2 

CO-8 

Nitric oxide • 

i-:uo2 

0-9379 • 

179 5 

712 * 

Methane 

0 7168 

05016 

,190-8 

V r '-0 

Carbon dioxide 

1-9768 

1-3833 

204 0 

72 9 

Sulphur dioxide 

2-9-206 

2-0480 

430-2 

-77 . 

Nitrous oxide . 

1-9779 

13841 

309*6 

71-7 

Hydrogen chloride . 

1-6392 

11471 

324 4 

81 -6 

Ammonia. 

0-7708 

0-6394 

406-9 

112*3 

Phosphine 

1 -5293 

I '079*2 

3'2.-3 "1 

64-5 

Ethane 4 

1-3662 

0-9191 

305-1 

48-9 

uyurogen sulphide . 

1-5394 

1#0771 

373-4 

89 1 

Methyl chloride , •. 

2-3045 

T6127 

416 3 

65-9 

Methyl oxide .... 

2-1096 

1-4763 

400-1 

63-0 

•• 


• 

• 

*■ 


1 Hurt and Gray, Trans? tfa today Soc , 1911, 7 , #0. * 

2 Baume, J. Chim. phys., 19(>8, 6 , 1 ; Guyo and Davila, Mem. Met. phys. not., 1908 , 

35 . 6 ^ 5 . • a , 

8 It will be noticed that no allowance w# been made for the weight of air di*placed*by 
the weights employed. This is not necessary if The relative values assigned to the various 
pieces are correct in air ; if, however, in the calibration of the weighs, all if suits had been 
reduced to the vacuum Aandard before the relative values of the pieces were calculated, the 
correction for air displaced by the weights Incomes necessar^. 
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In order to calculate exact molecular weights from the nonnal densities 
of gases, it is assumed that at the same temperature, and under h common , 
indefinitely small pressure, all yases have exactly the same gram-molecular volume . 
The calculation is then carried out as follows:— 1 

Let the common molecular volume of two gases be v w at 0° C., and under 
the infinitesimal pressure p Q . Their volumes will be different, v and v, say, 
at a pressure of one f atmosphere, p v Now the deviations of the ga^es from 
Boyle’s Law may be conveniently expressed as follows— 


and 





• (i) 


<- /' I)% >0 

ill which AJ and A'J represent the mean deviations of the gases from Boyle’s 
Law between 0 and 1 atmosphere. Hence— 


” iV’l ~ 0 " -’Ho'V’V f' j v; I t i ^ c'/'id’o' 

and therefore 

, », 1_- AJ 

~ 1 - A'J: ’ ‘ 


• (2) 


If, then, the “normal” densities ( i.c. weights of a “norntal” litre) of the 
gaseifare L and L’ respectively, their molecular weights M and M' satisfy tile 
equation— , 

M_(1-AJ)L 

, A'J)L'’ , 


which, if M', V, A'J refer to oxygen, may be written— 




M = 38 • — • 

L (l , 


(1-A ) 
(1 - A 0l ) 


(3) 


the limits zero and one atmosphere between which’ A is determined being 
understood. This equation expresses the molecular height of a gas in 
terms of „its density and compressibility, and the corresponding values 
for oxygen. 

The determination of Aj; involves an extrapolation, but this is easily 
carried out in the case of gases that are difficult to liquefy, since, over the 
range of pressure from 1 to 2 or 3 atmospheres, the relationship botwoen pv 
and p is linear. Moreover, the numerical values of k\ for these gases are 
very small, and a very high order of accuracy in their measurement is not 
necessary. With gases such' as carbon dioxide, hydrogen chlorideTetA, that 
are readily liquefied, the values of k\ are much greater and require to be 
determined, with a considerably,degree of precision. At the present time it 
cannot be said that such measurements have been accomplished. The relation 
Between pv and p is not linear, the graph shoyiqg a slight, but decided 
curvature; and the only really satisfactory method of deducing A# consists 
in accurately measuring the values of pv from p = 1 atmosphere downwards 
as far ois it isepossiblo to obtairj. eji-Jt m3asurements. Graphic extra¬ 
polation, thpn furnished the limiting valuo p 0 v 0 , The only data at 


1 D. Befdielot, CompVund., 1898, 126, 954. 
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present (1 <>14} ayadablo refer to hydrogen chloride 1 and selenide an« to neon 
and he hum. Of the other methods that have been proposed, reference may 
he made to that employed by Baum.e, 8 in which the -value of A} is deduced 
from density measurements made at various pressures, and to the various 
methods put forward by D. Berthelot, 5 of which that based on the approxi- 

matfl rAlft+.innnhina_ rr 


is the simplest. 5 




Aj 

1 + 4AJ* 


The following table shows the results obtained by this method for a 
number of gases1. • Th« molecular weights, M", calculated from the Inter-* 
national Atomic Weights aro included for comparison. 


Gas. 

10».A). 

M. 

M". 

Gas. | 

10 s , Aj. 

M. 

-— mi 

M". 

h 3 . 

N. . 
CO . 
NO . 
CH, . 

- 56 
+ 44 
+ 6(^ 
-1-114 
+ 175 

• 

2-0155 
28-019 i 
28 009 
30-006 

16 039 

2*016 

28-020 

28-000 

30-010 

16-032 

HCl . 
CO, . 
N,0 . 

c.,h„ . 

(CIIj)..0 

+ 743 
+ 676 
+ 739 
+ 1194 
+ 2587 

36-^69 

44 009 
44-OW 
30-037 
46-064. 

36-468 

44-000 

44-020 

30-018 

46 048 


For densities, see p. 131; the value of AJ for oxygen = 96 x lO -6 . 


Ihe agreement is, in general, very good, and it is easy to deduce from the 
preceding results the atomic weights H =<i -00775, N = 14007 (mean of 
14-010, 14-006, 14-004), 0=12005 (mean of 12-009, 12 006, 12-009, 11-995) 
and 01 = 35-460, in good agreement with tie values otyuined by gravimetrio 
analysis. 

The preceding method is known as th*e Method of Limiting Densities. 
Another method of calculating exact molecular weights has been, tr-'n-n by 
Giiyo. 0 Van dcr Woafc* equation (p. 31)— 

(p + y ( ,-i) = RT- . *4) 


becomes, when/) is expressed in atmospheres, and the unit orvolume is taken 
as th» volume occupied by the gas at N.T.P., 




• • ( 6 ) 

(Guys and Friderich, 6 7 and also Van der Waals, have deduced from, this 

- * _ _____ _ > _ • 

^.Gray and Burt, Trans, Soc., 1909, 95 , 1633. • 

- Bruylanta and Bytebier, Bull. Arad. roy. Be/9., 1912, p. 856 (HoSe) • Burt Trans 
Faraday Soc., 1910 6 , 19 (He and Ne). * Balmo, /. IkiZ K 19^ 6 , 

D. Berth elot, Contyt. rend., 1898, 126 ^, 1030 ; 1907, 144 , 76, 269; 145 180 317 

f , \trrL me S° d 8 I )r L°?" r AJ are reviewed fy Baume.V. Chin, 

phys., 1908, 6 , 52 ; Guye, ibid., 1908, 6 , 778-87 ; and Litfle, Science Projrcsi 1913, 7 , 

6 Guye, J. Chim. phys., 1905, 3 , 321. # - 

7 Guye and Friderich, Arch. Set. phys. mt., 1900, (iv.),* 9 , 505. 
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equation that the relativo molecular volumes of different gases Kt £f.T.P. arc 
proportional to , ' 

1 % 1 . 1 ot „ 

(1 +ttj(l - 4)’ (1 +«')(! - *')’ (1 + <i")(l - l/y ' 

Hence, 

M ~ 5k_, 

'where K is a constant for all gases. It is obvmsly the volume in litres 
,occupied by a gram-molecule of perfect gas at N.T.P. For, K, Guyo adopts 
the value 22 412. Hence, < 

„ 22-412L ' 

M = (l + u)(lT6). 

The values of a and b may be calculated 1 from the equations, 2 
T c = 8a/27Mt, p c ~afe7b\ 
in which, as has been already found above, 

f R = (l+a)(l-6)/273. 

Now Van der Waals’ equation is only approximately correct, and in order 
to obtain a more accurate representation of the behaviour of gases, it is 
necessary to assume that a and b vary with the temperature. For this 
purpose Guye employs the following empirical formulas' to deduco the values 
of a 0 and & 0 , the values of a and b at 0° 0.:— 

‘ HST- • ■ ■<’> 

The value of /?,deduced from the critical constants, density and molecular 
weight.of carbon dioxjdo, is 0 0032220 The molecular weight M is then 
given by the formula ' * 

« m. .v „ 22-412h 

< M= — - — 

- - • ( 1 +“»K 1 - 4 o> 

A simpler method of calculation suffices for the difficultly liquefiable gases. 
The relations (T) above are not necessary, the equation 


”(l+o)(l -6 ) = 22 , 412 + miT, 

L 


( 8 ) 


being sufficiently accurate. The" value of. m, obtained by substituting-the 
knot, n data for oxygon, is 0 0000623. 

The preceding method is known as the Method of Reduction of Critical 
Constants. It is an empirical method, and being Ifasod upon Van dpi- Waals 1 
equation,, it would be expected to break clown 1 for gases that are at all 
associated at the critical temperature. The following table illustrates the 
nature of the results it yields;— < 


1 The jjilculatiou! which involves the solution of a cubic equation, is conveniently 
effected by "the method given ljy Haents<'hcl,,d)iti. Physik , 1905, \iv.], l6, 566. 

* Deduced from Van der Waals’ equation. ' 
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• 




I 



' Gas. 

10\«* 

10 s . b. 

• 

10 6 . a 0 . 

10 j 

M. 

M"* 

ii, . 

29 

74 

• 

t 

2*015 

2*016 

N, . 

275 

174 


1 

28*013 

28*020 

uo . 

284 

172 



28*003 

28-000 

NO . 

257 

115 



30*009 

*■30-010 

Oil, . 

379 

160 


... 1 

16*)34 

16*032 

CO, . . 

721 

191 

847 • 

161 1 

44-002 

44-000 

N„0 . 

719 

185 

874 

166 i 

44-012 

44 020 

Nil, . 

86b* 

170 

1554 

146 | 

17-036 

17-034 

mi . , . 

722 

179 

937 

152 1 

36-451 

36 468 

II, 8 . . 

<000 

194 

1438 

240 ; 

31*085 

34 076 

C,IT„ . . 

•1209 

314 

1449 

299 I 

30*051 

30*048 


For values of L, T f , and l* e , see p. 131 ; M and M" as before. 


Reference only can bo made to Leduo’s Method of Molecular Volumes ana 
Ouye’s Method of Corresponding Densities, 1 

Approximate Determination of Gas Densities : Bunsen’s Diffu¬ 
sion Method.— This method 2 was introduced by Bunsen to determine 
approximately*the density of a gas when only a few cubic eftitimetres were 
available. It is basou on Graham’s Law of Diffusion. 

If d l and d.f are the densities of two gases, and v 2 their rates of flow 

.under the same difference of pressuro through a small aperture, then = 

The velocity of flow will bo inversely proportional to the time taken 
for equal volumes to diffuse. Hence, if tfj tyid t 2 are the times required, in 

• t'i d 

seconds, for equal volumes of the gasos to flow through the aperture, J- — -l. 

. , . i i d i 

If c/, is known, d 2 can be found. m 

The apparatus employed consisted of a^lass tube openmt the lowor end, 
and closed by a tap at # the upper end. Just beyond the tap, the fl tubo, con¬ 
tracted to a small character, was closed by a sheet of platinum’ containing 
a holo so small as* to be invisible to the naked oyp. «»The tube w*s filled 
with and inverted over mercury, and the gas introduced,, the le\el of*the 
mercury outside being sufficiently above that within the tube to drivo the 
gas steadily forward. The tap was now opened and the time requited for 
the mercury level to riso through a cortain height in the*tube (determined 
by the aid of a float) was noted. By a comparison under exactly the same 
conditions with a gas of known density, the density of the* first gas could 
then be four.-J*. 

•f More recently, Emich 8 has jnodifiod fhe method for use at high tempera¬ 
tures (1400°-2000°). It has also boon used at the ordinary temperature by 
Debierne 4 in the determinatum of the density of niton (radium emanation). 

The Approximate Determination of Vapour Densitjw— Kor the 
determination of the yapour densities of substances which exist normally*as 


1 Leduc, Ann. Chjin. Phys,, 1898, [vii ], 15 , f>; 1910, [viii.], 19 , 441 ; Guye, Compt. 
rend., 1905, . 140 , 138(5. The varies met' 1 .yds for determining exact molecular weights have 
been reviewed by Guye (J. Chini. phys., 1908, #7(597; Little, Science Progt css, 1913,7,504. 

2 Bunsen, Qasometrisehe Methoden, 1857, p. 128. 

8 Emich, Monatsh* 1903, 24 , 747 ; 1905, 26 , 505 and 1011. 

4 Debierne, Compt, rend., 1910, 150 , I7f0, • 
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• liquids or # solids, three methods are still in use, viz. those devistd by Dumas, 
by Hofmann, and by Victor Meyer respectively., t * 

In tho first-named yiethod 1 2 the substance to be volatilised is introduced 
into a weighed round,'pear-shaped or cylindrical bulb, the neck of which is 
drawn out to a point. The bulb is heated by means of a constant tempera¬ 
ture bath maintained at about 20°-30'’ above the boiling-point of the substance 
under investigation until the air has been swept out of the bulty and all 
excess of the material also removed. The end of the ncclc is then quickly 
sealed, the temperature and barometric pressure noted, the bulb allowed to 
'cbol and then weighed. After tho weight has b£6n recorded, the bulb is 
immersed in air-free distilled water at the laboratory temperature, or in 
r mercury, and the point of the neck nipped off. The './eight of liquid filling 
tho bulb is then obtained, the weight’ of the air contained in the bulb when 
originally weighed being neglected, as it is small in comparison with the 
Weight of the liquid. 

The vapour density of the substance may now be calculated. If w x is 
the weight of the bulb filled with air, w 2 the weight when filled with the 
Vapour, and w 9 the weight when filled with water, then w s - w l = weight of 
water filling the bulb (neglecting weight of air, as already mentioned). 

. If the weight is expressed in grams, the number, so far as an approximate 
determination is concerned, expresses also the capacity of tlio bulb in c.c. 
If, then, d be the density of tho air in grams per c’.c., tho weight of air 
which the bulb contained is (w^-w^d, and the weight of the bulb itself 
w x - (w H - u\)d. Hence the weight of the vapour is w l - - (w 3 - w^)d\ 

The weight of the vapour and its volume now are kfown and the density 
can be deduced. 8 

A more accurate development of Dumas' method permits of the deter¬ 
mination of valour densities at various pressures according to the amount of 
substance initially taken. The apparatus consists of a glass (or quartz) 
vaporisation bulb of know'll capacity, fused into which is a flattened spiral 
tube. Increase the internal pressure causes the spiral to distend, whilst 
contraction is induced raising the external pressure. The internal pressure 
can cleflrly*be determined by adjusting the external pressure, the deflections 
being Qbserved by iw*.aq.s of a small mirror. After the 'introduction of the 
material, the bulb is evacuated and sealed. T5pon raising thq temperature 
the pressure observed is that due to the vaporised material. 3 4 5 

In„the Hofmann method 1 a known weight of tho substance is volatilised 
in the space ab(B'C the mercury in a calibrated barometer column, jacketed 
with a vapour tube at some constant temperature. The amount of the sub¬ 
stance required is small and is passed to the surface of the mercury column 
in a small glass-stoppered tube, in such quantity as , to leave -no. portion un¬ 
volatilised. Fig. 63 shows- the form of apparatus used by Young. 1, By "biceps 

1 Dumas, Ann. Chhn. Fhys., 1826, fii.], 33 , 337. 

2 Most qf tlie results recorded in the literature are expressed as densities relative to air. 
A$ examples of the u^c of the method, see Friodel and Crafts, Compt. rend., 1888, 106 , 1764 ; 
Nilson and Pettersson, Zeitsek. physikfd. Chem., 1889, 4 , Ann. Chim. Fhys., 1890, 
[vi.], 19 , 145; Blitz, Ber., 1901, 34 , 2490; Biltz and Prouner, Zeitsch. physikal. Chem., 
1902, 39 , 323. 

8 Johnson, Zeitsefi. physikal. Chem., 1908, dfc 457£ Trainer and Sehupp, ibid. , 1909, 
68 ,' 129 ; l'teuner and Broekny-ller, ibid., fc'12*, 81 , 129 ; Bodenstoin and Katuyama, ibid., 
1909, 69 , 2G ; Jackson, Trans. Chem. Soc., 1911, 99 , 1066. 

4 Hoimaijj), Ber., 1868; 1 , 198. ' 

5 Young, Pror. Fhys. Hoc., 1 8Qb, 13 , 668 . See Thorpe, Trans. Chem. Soe., 1880,37,147 ' 
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•T 

of this apparatus a series of readings can be made at different temperature* 
by varying the pressure oft tjie vapour contained in the jacket, and by con¬ 
necting the closed mercury reservoir to a second pump the pressure on the 
vaporised substance in the barometer’tube can likewise be altered at will. 

In any case, the material is volatilised at a pressure less than atmospheric, 
and substances which undergo decomposition when heated at* atmospheric 



Fig. 63.—Young’s modification of Fio. 64.—Victoi Moyci’s vapour density 

Hofmann’s vapour density apparatus, 

apparatus. . 

* '"Vw • • 

pressure can be investigated by this method. If the barometric pressure is 
P mm., the height of the mercury column (corrected for temperature) h rflm., 
then the pressure at which ther vapour existsfts P - h mm. The"volume is 
read on the calibrated barometer tube. • 

The process requires «mftch smaller quantities of material thair that of 
Dumas, but cannot be used at temperatures over 250° owing to the vapour 
tension of mercury becoming then considerable. Above 100°^ correction for 
the mercury vapour present should bo tnn4c. • f 

Of the three methods, that of Victor Meyer 1 is the one jivaila&Wver the 

1 V. Meyer, Ber., J878, II, 2258? 
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greatest tango of temperature and the one used in most modem^nveatigations. 
The apparatus (lig. 64) consists essentially of tjio Vaporisation tul5e A, closed 
at the top by a stoppea, and terminating in a cylindrical bulb at the lower 
end. Outside the heating jacket 11, a' side tube C is attached to A, con¬ 
necting it with a gasbnreftoor eudiometer tube. A glass rod, fitted through 
a side tube ifi the head of the apparatus, serves as a support for tho small 
capsule, glass bulb*or stoppered bottle containing a weight of the substance 
sufficient to give 20 to 30 c.c. «f vapour. Constant temperature is main¬ 
tained in the cylindrical bulb by«the vapour of a suilablo liquid boiled in 
B; and when once obtained, as shown by a constant reading in tho gas 
burette, the glass rod at D is drawn hack and tho vessel With tho substance 
allowed to fall on to a pad of sand or asbestos in 'cjie 'bottom of the bulb. 
Rapid vaporisation occurs, and, owing to the length of the bulb and 
parrowness of the tube, air is expelled instead of vapour through C, and 
collected and measured at the temperature of the gas burette, the pressure 
being tho barometric, corrected for the vapour tension of the water in the 
collecting tube. The temperature is ascertained by suspending a thermo- 
moter in contact with the gas-collecting apparatus or in the water jacket, 
with which it is best to surround the measuring app. rates to preserve 
constancy of temperature. , 

If w is the weight in grains of substance vaporised, v tho volume in c.c. 
of gas observed, jt> the barometric pressure in mm.,/the vapour tension of 
wafer at t° C. (the temperature of the experiment), tile vapour density 
relative to hydrogen and oxygen is given by tho following expressions:— 1 


(a) relative to hydrogen, 

t 


w x (273 + 1) x 760 
ex (p ->) x 27ix 000(K>8U9’ 


(6) relative fo oxygen, 


w x (273 +e) x 700 
$Tx h> -7) x 273 X 0-001429' 


It is necessary that vaporisation of tho substance shall occur at a rapid 
rate? wfckerwise the vapour will, by slow (liH'usion, find its way up the vapor¬ 
isation tube, be carried forward with the air expoKod, and condense when 
cooled, thus reducing the volume of air which ought to be obtained in the 
burette.* To 'obtain rapid Vaporisation, the bulb should be Maintained at a 
temperature not less than 30° above tho boiling-point of the substance. 
Thus, if steanvs the heating medium in tho jacket, a successful determina¬ 
tion could be easily carried out with carbon disulphide (B. Pt. 46*), but 
probably nof with ethyl alcohol (B. Pt. 78°). t ‘ 

Various modifications of the method have been devised. Instead of 
measuring the volume of t gas expelled, Lumsden'deterinine^the increase of 
pressure associated with the vaporisation of the substance, the volume *?f the 
apparatus being maintained constant. 2 

Detftminatibn of Vapour Density at_ High Temperatures.— 

, Both the Dumas and the V. Meyer methods may be used at high temperatures. 

• . , .__. 1 • • __ 


1 These formulae hold when tho air initially present in the # apparatus was dry. If, 
Aowevar, the presume of aqueous valour in tjjll initial air was x per cent, of the pressure of 

saturated aqueous vapour 4t t n , the fuctor (/> -/) should he replaced by . /^. 

See EvarfV, J. Amor. Chem. Soc. , 1913,35,^)68. • 

2 For details of the method, sec Lumsden; Trans. Chem. So?., 1903, 83 , 342. 
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In the forpie?, porcelain may be substituted for glass, and for tile latter, 
which is tho more useful iflethod, modifications are described below. 

Up to 600°, constant temperatures can be maintained by a vapour bath, 
for which purpose, aniline (B. Pt. 18f°), diphenylamme (B. Pt. 310°), sulphur 
(B. Pt. 445°), phosphorus pentasulphide (B. Pt. 518°), and stannous chloride 
(B. Pt. 606°) are all available. At still higher temperatures,. Meyer used 
specially constructed gas furnaces (see references below^, whilst in the sub¬ 
sequent investigations of Nernst and y. Wartenberg, in which temperatures 
of 2100° were attained, the electric furnace has been adopted for the samq, 
purpose. 

For high temperatures the vaporisation tube may be constructed of • 
porcolain, 1 of platinum, 2 of platinum and iridium alloyed, or of iridium 
alone. 8 Above 1700° porcelain begins to soften and must be protected 
by a platinum covering, whilst platinum and iridium are perm<TalJ,e 
to gases at high temperatures and must bo rendered impermeable by a 
non-porous coating, obtained in v. Wartenberg’s experiments by applying 
a fused mixture of magnesium oxide and chloride. 

Air cannot be used to fill the apparatus in any case when? the substance 
readily undergoes oxidation, and, as a rule, is not used at high temperatures. 
Nitrogen or lifdrogen is generally employed, sometimes cqfbon dioxide, 
whilst v. Wartenbcrg used argon. 

Sinco in Mey # er’s method the gas expelled is measured at the ordinary 
temperature, the temperature of evaporation need not bo ascertained. ^But 
as many substances change their molecular state, and hence their density, 
as the temperature clfanges, it is obviously of interest to record the tempera¬ 
ture. At high temperatures, Mensching and Meyer 4 swept out the gas 
(e.g. nitrogen) remaining -after the density determination by* a stream of 
hydrogen chloride, and from its amount and the original capacity of the 
vaporisation tube determined in like manner, the ^temperature was cal¬ 
culated from the known coefficient of expansion of the gas, after allowing 
for the amount of the gas expelled by the vaporised substance and foi 
various corrections, forjbhe evaluation of which th(preference may con¬ 
sulted. Bill/, and Meyer 5 used tho simpler, though somewhat less accurate,- 
process of collecting the gas expelled from the momeftt^fhen heating’beg^n 
to that at whieh the substance was introduced, and from Jihe amount expelled, 
calculated, as before, the temperature attained. The vaporisation tube 
served, therefore, not only its original purpose, but acted jp addition fes an 
air thermometer. Jn the experiments of Nernst and of v. Wartenberg the 
tempdhatures were measured photometrically by comparing thejight emitted 
by the heated bulb with that from a standard source <*f light. 

Consid^Jjon of -Results. Molecule^* Formula?. — After the 
tfiofccular weight of a substance Jma been "arrived at, the molecular formula 
may be determined by comparison of the molecular weight with the empirical 
formula weight. Thus, to qfcnto once agaka the exatnple of«mercurous 

^Mensching and Moyer, *Bcr. , 1880, 19 . 3295. • 

2 Dewar and Scott, Proc. Poy. Soc., 1879, 29 , 490 ; Mensching and Moyer, Zeitsch. 

' physikal. Chem. , 1887, 145. 

' 3 Nernst, Zeitsch. Elektroehem ., #903, H. v. Wartenberg, Zeitsch. anorf. Chem., 

1908, 56 , 320. In these investigations the hum of the vaporisation tube was Reduced to 
2*5-3 c.c. « 

4 Mensching and Me^cr, Zeitsch. physika 4 Chem., 1887^1, 145. 

b Biltz and Meyer, ibid. , 1889, 4 , 249. 
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chloride,*chemical analysis indicates that the amounts of ^chlorine and 
mercury present are related as represented* tty the empirical formula 
HgCl. The molecular* formula, corresponding to the molecular weight, 
may be written as (HgCl) n where n is the ratio of the molecular weight to 
the empirical formula weight. In this particular case n = 2, or the molecular 
formula of mercurous chloride is Hg 2 Cl 2 . In a very large number of cases, 
however, n is found/o be unity, which means that the molecular weights in 
such cases correspond with the simplest possible chemical formulae. 

,. Consider now the formulae fo* the chemical elements. The simplest 
formulae are, for example, H, 0, Cl, N, A, P, S, Hg, etc.—symbols which repre¬ 
sent atoms of these substances. Whether or not the symbols also represent 
molocules is decided when the molecular weights of th<*elements are known; 
and until they are known, the molecular formuke can only be written H n , 
Q., etc. Avogadro showed, by the application of the principle which he 
introduced, that the oxygen molecule contains two atoms and is therefore 0 2 , 
and Cannizzaro, by the use of the same principle, came to tho conclusion 
that most elementary molocules were polyatomic, generally diatomic, but 
that phosphorus and arsenic were totratomic, and, on the other hand, mercury 
was monatomic. 

At the present time the following elements are definitely recognised as 
monatomic from vapour density measurements: mercury, 1 cadmium, 2 3 zinc, 8 
lead, 4 as well as the inert gases of the atmosphere, helium, argon, neon, 
kryjtton, xenon, and niton. The molecular formuke of these substances are, 
accordingly, Ilg, Na, K, Cd, Zn, Pb, He, A, No, Kr, Xe, and Nt. Almost 
all the metals which have been vaporised possess mofiatomic molecules. 

Oxygen, hydrogen, nitrogen, chlorine, 5 bromine, 6 anc[, below 600°, iodine, 
have molecultr weights such that tho formuke 0?„ 1I 2 , N«, Cl 2 , Br 2 , I„ repre¬ 
sent them. For phosphorus, arsenic, and antimony, the formuke P 4 , As 4 , 
and Sb 4 correspond tc* the molecular condition of idiesc elements unless the 
temperature/!s very high. e 

For compounds the molecular and empirical formulae coincide as a rule. 
The foUswing are well*known examples. H 2 0 (seeJxilow), H 2 S, HC1, N 2 0, 
NO, COo, etc.; and among salts, KI, 7 KC1, 8 and PbCl 2 . 9 On the other 
h^nd,'cuprous chkftidt!, from vapour density ^measurements, must bo repre¬ 
sented bjkthe formula Cu 2 Ch,, 10 and mercurous chloride by Hg$Cl 2 . 

Two factors, however, have a considerable bearing on the size of the 
molecule—namely, the temperature and the pressure. Rise of tomperature 
or decrease of pressure tends to break up the large molecules into smaller 
ones, and the dissociation , as the process is termed, may follow # one bf two 
courses in producing like parts on the one hand, and unlike parts on the 
other. ♦ \ 

Molecular Association dnd Dissociation: (a) He ' Influent*- of 

Tenyperature .—From the above it is evident that the choice of a molecular 


1 Canflizzaro from Dumas’ data. 

* 2 Dewar and Dittmar, loc. cit. 

3 Mensching and Meyer, Ber , 1837, 20 , 1838. 

4 H. v. Wartenberg, loc. at. 

s For chlorine between 300° and 1450*; Pier, Zeitsch. physikabChem., 1908, 62 , 385. 

* 6 Befow 800°; Ramsay and Youip,', Tmnstr.'icm. Goc., 1886, 49 , 453. 

7 Meijsching and Meyer, Her., U87, 20 , 582 ; Dewar and Scott, loc. cit. 

8 Nernat,%c. cit. f 0 Roscoe, Ber., 1878, II, 1196. 

10 Y. Meyer and C. Meye* Ber., 1879, e i2, 1283; H. Biltz*and V. Meyer, Zeitsch, 

physikal. Chem., 1889, 4 , 266. 
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formula is nof in many cases as simple as may be supposed, for the ifeoleoular 
weight, au(1 therefore the formula, of a substance depends to a considerable 
extent on the temperature at which it is examined. Many substances exhibit 
the power of becoming associated, or of forming molecular aggregates. Even 
water vapour, the formula of which is always written as 1I 2 0, is not entirely 
in the simple condition which this formula indicates, ltathes, there is a 
balance between the associated and the dissociated molecules which may be 
represented by the equation (li 2 0) 2 2W 2 0, assuming tiie association to 

proceed no further than to double molecules, the equilibrium depending on* 
the temperature and the pressure. Bose 1 calculates that the simple molecules 
are present to th8 extent of 93’4 per cent, at 0°, 91 -1 per cent, at 100*, and 
91*3 per cent, at 20D o „f?lie pressures being tho vapour pressures corresponding 
to these temperatures A better known case is the equilibrium expressed by 
N 2 0 4 2N() 2 . At 150°, and at atmospheric pressure, the gas is made i\p 

entirely of simple molecules, iN0 2 , but as the temperature is reduced below 
this value, association occurs until at tho boiling-point (22°), the vapour 
consists almost wholly of N 2 0 4 molecules. At intermediate temperatures, a 
mixture of the two forms exists. Still more striking is the cafic of sulphur 
vapour. H. v. Warteriberg found the molecular weight at 2070* to be 50, 
corresponding therefore to a mixture of S 2 and S molecules; gt 1719° tho 
molecule is S 2 , 2 whilst at the boiling-point (415°) the vapour consists of 
molecules which are most nearly represented by the formula S s . 3 In like 
manner, tho molecules I' 4 , As,, and Sb 4 , tend to pass, with elevation of 
temperature, into smaller molecules, P 2 , Ar 2 , and Sb„, 4 and, according to v. 
Wartenbcrg’s measurements s with antimony, into still simpler molecules. 
The diatomic molecules C) 2 , Br 2 , I., also begin to pass into monatomic 
molecules with rise of temperature, iodine wen at as low a ^temperature 
as 600°. 

Among salts, aluminium chloride furbishes an e?g;ellei^ example, the 
-following figures 0 denoting its vapour densities (compared with ai») at various 
temperatures:— * 


0 

Dumas* Method. 

• 

. r .. 

V. Meyei’s ^hjt.ljod. 

• 



• A 

Temperature 0 0. 

V.,). 

Temperaturo 0 

V.I>. 

. • 209° 

9 90 

410° 

7 45 

9 301° 

9-r»r> 

518" 

7-l« 

357" 

9 31 

606 J • 

5-34 

4cn° 

9 02 

758° 

4-80 

'fcr 

8-79 

•1117 J 

4-27 

*\ 

• 

1400* 

4-27 



1 K. Bose, Zcitsch. Elekirochem. , 1908, 14 , 270. 
a If. Biltz and V. Meyer, kitsch, physiknl. Chem., 1889, 4 , 266. 

R I 11 reality the vapour is a mixture of S„ and S 8 molecules at temperatures in the 
neighbourhood of the boiling-point under normal pressure. 

* Menschingand-Me^or, Anmlen, 4887, * 4 P. 317. H. Blitz, Zcitsch.*physikal. Vhcm.,* 
1896, 19 , 885 ; II..Biltz and V. Meyer, Her., 1 S 8 !t, 22*725 ; fltoek, Gibson, and .Stamm, 
Ber., 1912, 45 , 3527 ; Brenner and Brockmoller, loc. cit. 

8 Wartenberg, loc. cit. • ft • 

8 Nilsonand Pettersson, Zcitsch. physihal. Chem., 1889, 4 , 206. 
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For 'Jie formula A1 2 C1 6 the vapour density should be 9’24, tor A1C1 3 , 4’fi. 1 
The two methods do not give identical results? bftt the dissociation with rise 
of temperature is obvious. The reason for this discrepancy lies in the fact 
that in tho Victor Meyer apparatus the aluminium chloride, when vaporised, 
is diffused in an inert gas and its mean partial pressure is thus considerably 
less than one atmosphere. 

Other examples#are provided by stannous chloride 2 and si Ivor .chloride. 3 
All these are examples of the* phenomenon of dissociation. A rise of 

* .temperature simplifies tho molecular condition, giving rise to dissociation, 
and a lowering of temperature has the reverse effect. 

# Whereas the term “ molecular association ” is usually employed to indicate 
the union of two or more like molecules, the reverb ,process of dissociation 
includes also the separation into unlike molecules. In all the instances so far 
quoted—as for instance, nitrogen peroxide or aluminium chloride—molecules 
have separated or dissociated into like parts. But quite early in the deter¬ 
mination of molecular weights by vapour density measurements examples of 
abnormal vapour densities of tho second kind wore found. Thus, mercurous 
chloride, according to tho determinations of Mitsoherlioh 4 and of Deville and 
Troost, 5 had the formula HgCl; but (Idling 6 observed that tho vapour was a 
mixture of mercury and mercuric chloride, tho mercurous, chloride having 
dissociated into these substances. This naturally suggested that a molecule 
of mercurous chloride should be represented by llg 2 CI 2 , and the dissociation 
by .the equation— 

Hg 2 Cl 2 ^HgCl 2 + Hg; 

and in 1900, Baker showed that mercurous chloride, when pure and dry, 
vaporises without dissociating^ and that tho molecular' formula for the sub¬ 
stance in the gaseous state is really Hg 2 01 2 , as had been supposed. 7 

Phosphorus pentacliloride (PC1 5 ), ammonium chloride (NH 4 01), and 
hydrogen iqdid£ (HI/furnish other examples of substances having abnormal 
vapour densities due to a dissociation into the dissimilar parts, PCl^.CL, 
NH^.HCl, and H 2 . (from 2HI) respectively. Reference will be made to 
these***substances in the subsequent volumes of tins work, but it may be 
pointed out here in several cases investigated, the occurrence of dissocia¬ 
tion defends # on the presence of traces of Tnoisture. Ammonium chloride, 
for instance, can, like mercurous chloride, be vaporised without dissociation if 
perfectly dry. 8 

(b) The Effect of Pressure. —As has been already mentioned, dissociation 
is facilitated by diminution of pressure. This may be illustrated by reference 
to nitrogen'peroxide, the dissociation of which maybe readily, followed by 
density measurements. If tho observed vapour density vvith reference to 
oxygen be d , and if a fraction a of the N 2 0 4 molecules lW dissociated,^then 

fi See also Deville and Troost, Ann. Chum. Phys., 1860, [iii-1, 58 , 257 ; Compt. rend,, 
1857, 45 , 8*1 ; Nil son and Pottorf->on, Zcilsch. physical. Chem., 1887, I, 459 ; Friedel and 
Crafts, vompt. rend., 1888, 106 , 1704. 

' a V.'andC. Meyer, Ber , 1879, 12 , 1195. 

J II. fiiltz and V. Meyer, loc. eif! 

4 Mitscherlieh, Pogg. Annalen , 1833, 29 , 139. 

5 Deville and Troost, Compt. rend., 1857, 45 , 821. a 

' 6 Cdling, Qu&rt. Journ. Chem. Soc., 186 47 ^- 17 , 251. 

T See Vol. III. of this sft-ies. < ' * 

* Raker,'' Trans, Chem. Soc., 1900, 77 , 6 JC ; 1894, 65 , 012. On the behaviour of 
mercuvoife chloride, see also ,Smith and M<jJizies f Zcilsch. physfkal. Chem., 1911, 76 , 713; 
J. Amer. Chem. Soc., 1910, 32 , 1541. 
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for each molecule of N. 2 0 4 initially present in the undissociatcd gas flhere are 
obviously (l -a) + 2« or ^1+a) molecules of the mixed molecules. The 
theoretical vapour density of N. 2 () 4 is 2 875, and*hence by Avogadro’s 
Hypothesis, 

2-875/^= 1+a. 

At a temperature of 49-7°, the following figuros 1 record the values of the 
degree of dissociation (a) of the N 2 0 4 moleci^o, at various*pressurcs:— 


Pressure. 

a. 

• 

Piossuro. 


- _ 

- ... ... 


- 

0 mm. 

1 -000 

182'09 mm. 

0-090 

20 80 „ 

0-930 

261-37 ,, 

0-630 

9375 „ 

0*789 

497-75 „ 

0-493 


The sulphur moleculo likewise undergoes dissociation with decrease of 
pressure . 2 • 

The Determination of Molecular Weight in Solution. 

• • 

From the analogy already discussed in Chap. I [J . 3 between the gaseous 
and dissolved states, a close resemblance between the methods of determining 
molecular weights*in these two states is to be expected; and althoughJjhe 
resemblance may not at first be obvious, a little consideration makes it clear. 

The molecular weight of a gas is obtained by finding what weight of it 
occupies, at 0° and 760 mm, a volume of 22,400 c.c. The measurements 
made are temperature, pressure, and density (or concentration). $ 

With a solution the problem is exactly the same, it being necessary 
to determine what weight of the Hubstanc#, dissolved 411 22 #t 00 c.c. of the 
solvent, exerts at 0° an osmotic pressure of 760 mm. Again the measure¬ 
ments are temperature, pressure (osmotic), and the concentration (or, as it 
may be termed, the density, or mass of substance per nwit volumo). 

The molecular weight of a dissolved substauco could, of course, be obtained 
without any knowledge of the gnmotic pressure laws, fwr*5tioult’s empfhcitf 
laws concerning*the depression of vapour pressure*and of fj*eeziftg-pouit make 
this possible. Indeed, 1 he principles and methods introduced by Haoult arc 
extensively used in molecular weight determination in solution Theso lltws, 
lowevcr, have their theoretical basis in the laws of osmotic pressure, and a 
measurement of the depression of vapour pressure or of tho freezing-point of 
1 solvent is* only an indirect measurement of the osmotic pressure of the 
mbstance in sghltion. . 

•Jiiho'mothodslfb be described Iny-e include those depending on tho direct 
neasurement of osmotic pressure, the depression of vapour pressure, Abe 
devotion of the boiling-point awMopression of tjie freezing*point oi»solutions, 
m so far as dilute solutions? are concerned the theory of these methods has , 
been discussed in Chap. Jlk One other method of arriving at molecular 
formula), viz., tho empirical method of Ostwald based on conductivity measure¬ 
ments, is also added. # 

~ -- . - •_ 

1 E and L. Nafranson, Wictl. Annakn, 1885, 24 , 45#; 188tf, 27 , 60S.' • 

8 BilU, Bar. , 1901, 34 , 2490 ; II. Hiltz and Premier, Zeitsch, physil'%1. Chem., 1 902, 39 , 
823 ; Preunorand 8chnpp,*«5uf., 1909, 68 , 129# Bleier and K^lm, Monatsk ., 1900; 21 , 575. 

3 See also Chop. VI. 
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Molecular Weight Determination from Osmotic Pressure.-— The 
data required, as already stated, are the temperature, the osmotic pressure, 
and the concentration. *The osmotic pressure can be determined by using a 
porous cell with an artificially prepared membrane, or by the methods of de 
Vries and of Hamburger, as already described in Chap. III. 

As the results obtained with aqueous solutions of inorganic substances are 
abnormal, a phenomenon to be discussod later, some measurernents^nade by 
Morse and Frazer on cane sugar riiay be used as an illustration. A solution 
"bf 6'84 grams of this substance in >00 grams of water was found to exert at 
15° an osmotic pressure of 4 '91 atmospheres. 

It is required, then, to find the weight of sucrose, which,' 1 in 22,400 grams 
of water, would exert at 0° an osmotic pressure of 1 atmosphere Since the 
gas equation is true for dilute solutions, this weight M is given by 

M _ 0*84 x (273 + i 5 ) x 22,400 
273 x TOO x 4-91 
= 329*2, 

as comparod with the theoretical value 342 calculated from the formula 
0 12 II 22 0 u and atomic weights of the elements. The error is no greater than 
is found in many cases when molecular weights are derived from vapour 
density determinations. 

Raoult’s Cryoscopic Method: the Depression of Freezing- 

Point .—As ordinarily practised, the method used contains various devices 
and improvements introduced by Beckmann, but the essential process is that 
of Raoult, and consists in measuring the freezing-point of a solvent, before 
and after adding a known weight of the substance whose molecular weight is 
required. 

For very dilute solutions, platinum resistance thermometers give the most 
accurate results. Ordinarily, the Beckmann thermometer of mercury in 
glass, reading 0 001°, is employed (fig. 65). This thermometer^usually has 
a scale reading of only^5*-G°, and to obviate the necessity of having a large 
number of instruments'suitalde for different temperatures, the thermometer 
is so constructed V> be available for use at different temperatures. For 
. this purpose, ,tho upper e.nd of the capillary bore opens out into a large 
reservoir into which mercury can be driven. If, for example) the amount of 
mepsury in the bulb is sufficient to cause the thread to appear on the scale 
at 50*, loss mercury will be required if the temperature to be measured is 
60°. The instrument is accordingly heated to about 64° until the excess of 
mercury has"been driven into the reservoir, and it will be found, on cooling 
that the thread is visible on the scale at 60*. A slight correction is needed 
for the varying amount of ^nercu^y in the bulb. 1 t 

The freezing-point apparatus (fig. 66) consists o: a stout glass tube fittfed 
with a sid,o tube, ynd closed at the top bycork, through which pass the 
thermometer and stirrer (preferably of platinum). , The side tube, also closed by 
‘ a cork; servos for the introduction of the substance under investigation. Sur¬ 
rounding the freezing-point tube is a wider tube which serves as an air jacket 
and so prevents too rapid a fall of temperature, and finally tho cooling-bath 
.which may contain a freezing mixture^ \jater,only or other material, according 

1 See # Ostwn)d-Tjther, Physico-chemische Messungcn (Leipzig, 3rd edition, 1910). Fora 
description of various types </ differential thermometers, see Beckmann, Zeitsch. physical. 
Chem., 1906, 51 , 329. 
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•- 

to the freezing-point of the solvent. A known weight of the solvents intro- . 
duced into the freezing-point tube and the freezing-point determined, when¬ 
ever possible, by the method of supercooling. For this purpose the solvent 
is cooled directly in the cooling-batft until solid begins to separate. The 
tube is then quickly dried, placed in its jacketiflg-tube, the liquid stirred 
slowly, and the temperature read off when it has become constant. An 
approximate value for the freezing-point being thus obtained, the tube is 
withdrawn from its mantle and the frozor* solvent allowed to melt. It is 
then replaced in its jacket and the liquid stirred slowly while the temperature,. 



Fig. 65.—Beckmann thermometer. Fig. 66.—Beckmann freezing- 

point apparatus. 


falls. Who» the temperature has fallen to 0'2°-0 , 5* below the approximate 
freezing-point, the liquid is stirred more vigorously,* when crystallisation 
cojijjnoroes, anti the temperature rises. 1 The liquid being slowly stirred, the 
. temperature is read off e.ery fevf seconds, the thermometer being tapped 
before each reading. The highest temperature reached is recorded as the 
freeiing-point of the solvent, l*ie freezing-poffit should be determined in 
three independent experiments and tho mean value adopted. * * 

A "weighed quantity of*the solute (usually compressed by means of"a small 
tabloid press) is then introduced through the side tube into the solvent and 
allowed to dissolve. The freezing-pomt of the solution is then.determined as, 

' _ _ _ * # t —•_._ 

1 If crystallisation does«not commence, the'liquid must be inoculateiFwith a tij^r costal 
.of the solvent. * • 

' VOL. I, 


10 
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already described, an approximate value and then four or five accurate values 
being found. ° 

A further addition of solute and another freezing-point determination are 
then made. 

In order that reasonably accurate results may be obtained, tho cooling- 
bath should ( pot bo more than 3° below the temperature at which the solvent 
freezes, the amount of supercooling of the solution should not exceed 0*2 W - 
O’B 0 , stirring should be uniform and not too rapid, and thp thermometer 
,should always bo smartly tapped before a temperaturo is road. 

The calculation is made as follows: If w grains of a substance, dissolved 
in W grams of solvent, lower the freezing-point of the laUer by A" C., tho 
moleoular weight M of the solute is given by , 1 


where the value of the constant C depends only on the solvent. 

The following are the values of the cryoseopic constant C for some 
tommonly used solvents:— 


Water . . .1800 

Benzene . . . 5000 

Nitrobenzene . . 7000 


Pheuol . , . 7300 

Acetic Acid . . 3900 

Formamide . . 3900 


The coustant C is equal to one hundred times the value of Raoult’s 
“molecular depression of the freezing-point” (p. 122), which may be 
calculated, as was shown by Van’t Hoff, 1 from the equation 


Molecular depression 


(V02T- 
L ’ 


in which T denotes the freezing-point (absolute) of the solvent, and L its latent 
heat of fusion \i\ calories per gmm. 

Molecular Weight by the Depression of Vapour Pressure.— 

Raoult’s law of depression of vapour tension for dilute solutions of non-volatile 
solutes (see p. 1 H)*,may be written as 

' * . * p t) -_Pi _ n . * 

o Po " ' N 

If w is the weight of the solute dissolved in W grams of solvent, in and M 
denote the molecular weights of solute and solvent respectively, 

W 

N *so that i/ * —s- 

M t t 

1 Po~P\ 

« ‘ . 


and hefye m can be found froip measurements of«tbe vapour tension. , 

The method is not used very extensively for inorganic solutes, and is 
mainly confined to aqueous solutions. Two sets of bjilbs are connected in 
Series,* the first^set con tain ing^the jolutfcn, the second, solvent only, all being 

1 Vftie-t Hoff, JCfSvniska Vet.-Altai. Jiandl., 1885, 21, 38 p Zcitsch. phyaikal. Chem., 
1887, i, 481 ; Phil. Mag., 18*8, [v.], 26, 8f 
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kept at constant temperature. If now a current of dry air is ^bubbled 
through the liquids, it will tyke up an amount of vapour proportional to the 
vapour tension. From the the first sot it will removo # a quantity (which can 
be arrived at by weighing before anti after the experiment) proportional to 
o v and from the solvent, which has a higher 'vapour tension, a further 
juantity proportional to tho difference of vapour tension, p Q - p, The total 
imount removed is proportional to p 0 . Hence, by substituting these values, 
tnd' knowing the concentration of the solution, the molecular weight of the 
solute can bo found. 1 # H 

Instead of measuring th*b depression of vapour tension, it is more usual to 
determine the elevation of boiling-point which, for dilute solutions, is pro- * 
portional to it. For, to fig. 67 below, suppose the three curves represent 
tho vapour tension of the solvent 1, of a solution II, and of a more concen¬ 
trated solution JIT. At a common pressure indicated by the line ABO, the 
boiling-points are t v 1 5 a , and such that t 2 -t 1 (AB) is the elevation for tfie 
first solution, and ^ - t x (AO) for the second. If dilute solutions only are 



Fig. 67. —Elevation of boiling-poirt proportional % lowering 
of vapour tensior^ * * 

considered, then tho portions of tho curves aro very abort, and may be con¬ 
sidered straight and parallel (see p. 114). 

Hence, AC*. A B - A E : AD, ~ * • 

or, the elevation of boiling-point is proportional to the depression of vapour 
tension. • 

Rughoimer 2 used a combination of the two processes in determining the 
molecular weights of a number of metallic chlorides dissolved in molten bismuth 
chloride. A measurement was first made of the effqpt of pressure on the 
boiling-point yf «the solvent, next, the boiling-point of the solution of known 
c<rnrenoration was observed. From the fitst sift of measurements, it was 
possible to calculate the vapour tension of the pure solvent at the boiling* 
poijit of the solution. Hence, *!so, the depression of the vapour tension at 
this particular temperatuie was obtained, and by substituting the values in 
the equation already giveji,*the molecular weight was found. / 


x For details, see Qstwald-Luther, J'hysikv-chemischc Messungen ; Walker, Zeitsch. 
physikal. Chem., 1888, 2, 602 ; Earl §f Berbejey and Hartley, Vroc. Roy a Soc., 190|, A, 7% 
156 ; Phil. Tran j., 1909, A, 209 , 177. For oilier t|ipour-j»re8Sure methods see Biddle, 
Amer. Chem. J., 1903, 29 , 841; Menzics, J. Amer. Chem. Soc., 191 32 , 1614. 

8 Riigheimer, Ber., 1903, 36 , 3030; Annalen, 1905, 339 , 297 ; Rufheiraer anal Rudolfi, 
ibid., 1905, 339 , 311. * * 
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Using the solvent named, Riigheimer and Rudolf! obtained the following 
results:— 



Molecular Weight. 


Molecular Weight. .] 

Substance. 

Found. 

Calcd. 

Substance. 

Found. 

Calcd] 

LiCl . 

f 45-3 

42 48 

CaCl a . . . 

113 8 

111*0 

NaCl . . . 

65’0 

58T-5 

SrOL . 

BaCl a . 

163-9 

158-65 

KOI . 

70-8 

74 R 

203-5 

208-3 

CsCl . . . 

169 6 

168 35 

Pbcl, . 

275 2 

277 8 


Ebullioscopic Methods. The 

-Beckmann!a Method. —A convenient 



Fig. 68.—Beckmann’s boiling-point 
<■ < apparatus. ( ^ * 

of a kqown weight of the substance, 
boiling-point is repeated with the tfo! 


Elevation of tlie Boiling-Point. 

form of apparatus for general labora¬ 
tory use is shown in fig. 68. 

The boiling-point tube A has two 
side tubes t x and t r Through t v 
which is closed by a ground-glass 
stoppor, the substance under investi¬ 
gation is introduced as required. 
The tube t 2 is longer than t v and 
carries a water condenser to roturn 
condensed vapour to the boiling-point 
tube, and an uprignt tube containing 
fused calcium chloride, giving access 
to the air. A stopper at V carries the 
Beckmann thermometer which dips 
into a known weight of the solvent. 

The boiling-point tube stands on 
a square of asbestos millboard, and 
is protected from cooling effects by 
surrounding it with a cylindrical glass 
mantle G containing air, a square of 
mica, S, cutting off radiant heat and - 
hot air currents’from the exposed parfcp 
of the thermometer. The source qlf 
heat is a small gas flame, and super¬ 
heating is avoided by introducing 
glass beads, garnets, pieces of granite, 
or, best of all, small pieces of platinum 
foil bent into the form of-oetrahedra. 

The boiling-point of the solvent 
is first noted. Sonte little time Js; 
generally heeded before the tempera¬ 
ture becomes steady to within 0-01V 
When this condition has been at¬ 
tained, the temperature is noted and 
the height of the barometer read. 
The apparatus is allowed to cool a 
v few degrees before the introduction 
(best in the form of u small pastille)' 
and af tor ward q the measurement of - 
ution. Several additions of material 
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•may be made and readings taken. The boiling-points should be Corrected 
for variations in barometric pressure during the experiment. 

The molecular weight is then calculated from ^•formula very similar to 
that used for freezing point measurements, viz.— 


M = 


C x to 

aYw’ 


where A is now the elevation of the boilmg-point, and C is the molecular 
elevation. The constant in this equation may, “like the corresponding** 
freezing-point constant, be calculated from a theoretical equation, namely, 


C 


2T a 

17’ 


where T is the boiling-point (absolute) of the solvent and L its latent heat f)f 
vaporisation in calories per gram (see p. 140). m 

For some common solvents, the following are values of the constant C:— 


Benzene . . . 2700 

Chloroform . . 3900 

Carbon disulphide . 2400 


Ethyl alcohol . / 1170 

Acetone . . .1700 

Water . . . • 520 


The above process gives results which should not vary more than ± 5 per 
cent. 1 * 

The Landsberycr- Sahurai Method. — Instead of heating the liquid either by 
a flame or by olectricSl means, it can be more rapidly raised to its boiling- 
point by passing in vapour of the solvent. Sakurai 2 first used this method 
in molecular weight deternfinations, and.the sSme principle is adopted in the 
better known Landsberger method. 3 The method, as used by the latter' 
author, was not intended to give results of* great accumcy, but the improve¬ 
ments introduced by Turner 4 provide a meaps of obtaining -ycftrate results 
at a greater speed than is possible with the ordinary Beckmann apparatus. 
The latest modification (fig. 69), employed by Turnerfmd Pollard, 5 consists of 
the molecular weigh^tube AB, 17'5 cms. in length and 2 8 cms. diameter in 
the main portion, fitting at a ground glass joint b inttTTho boiler CD, which 
also servos as it constant temperature jacket. VApour passes from the boiler 
through E, 12 cms. from the bottom of AB, and issues through two perfora¬ 
tions at F into the liquid whose boiling-point is being measured. Froift the 
tube AB \apour escapes by the tube KL, which should be as short as possible, 
into a* condenser, connection being made at another ground glass joint c. 
Into the molecular weight tube a ground glass stopper with two tubulures 
fits at a, one»tubulure providing the vapour exij, the other an entrance for 
tf short-stemmed Beckmann thermometer of^7-8 mm. diameter. 

In carrying out a determination, the molecular weight tube, together 
with the stopper, vapour exit tube, and thermometer, is Weighed‘to a centi¬ 
gram, and a small but undetermined quantity of solvent then added, a*second ( 
and larger quantity being placed in the boiler with two or three pieces of 
porous pot to produce steady boiling. Vapour passes into the liquid in the 


1 For a discussion of the condition^ nec»- 9 *ry to give accurate resultsfvith this fhcthod*, 

see Beckmann, Zdttsch. physikal. Chem., 1908, 63 ? 177.* * . 

2 Sakurai, Trans. Clum. Soc ., 1892, 61 , 989. 8 Land.sberger.ifer., ?898, 31 , 458, 

4 Turner, Trans. Cher%. Soc., 1910, 97 , llfy. , * 

D Turner and Pollard, Proc. Chem. Soc., 1913, 29 , 349. 
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molecular weight tube, during which process the tap T 1 is usually kept closed, 
and by its condensation raises the temperature*to the boiling-point, indicated 

by the constancy of the thermo¬ 
meter reading. Most of the sol¬ 
vent is now returned to the 
boiler, a known weight of the 
substance to bo tested' is placed 
in the tube, and the process re¬ 
peated. After reading the tem¬ 
perature, the apparatus is quickly 
disconnected pt a and c, and the 
tube, with its attachments and 
contents, again weighed, T 2 being 
closed. The weight, less that of 
the apparatus and soluto added, 
gives the quantity of solvent pre¬ 
sent. By connecting the appara¬ 
tus again, and continuing the 
passage of vapour, a series of 
readings at different concentra¬ 
tions can be made. It will be 
noted that in, this process the 
amount of solvent is increased, 
whereas in the Beckmann method 
the amount of solvent is fixed, 
and that of the solute varied as 
desirC-d. 1 

Molecular Weight by 
Conductivity Measurements. 

:—As a result of measurements 
made on the alkalL salts of a 
large nnmber of acids, Ostwald 2 
found the, difference in the £ 
equivalent conductivities 
infra , p. 205) of N'/1024 and N/SJ® 
solutions at 25° to he approxi¬ 
mately equal to ten times the 
basicity of the acid. c Expressed 
algebraically— 

.^1024 — \h2 ‘~ 10 X B, 
where ^. l024 and A 32 are the 



the Landsbcrger-Sakuraj apparatus. 


valtnt conductivities at dilutions of 1024 and 32 litres respectively, and B 
represents’ihe basicity of the'acid. 8 # 

1 For further details, particularly the conditions requisite for accurate measurements, 
the original papers mentioned above should be consulted 

* Ostwald, Zeit&ch. physiknl. Chem., 1887, I, 74 ; Walden, ibid.,, 1887,1, 529 ; 1888, 2 ,49. 

, 8 Tfc rule may, be more generally expressed ^hus 

' t^io24 * ^32 = 0, 1 

where valency of anion, n ^—valency of cation, \ x ~ equivalent conductivity at a dilution 
of x litres per gram-equivalent, and <3 is a*constant for each temperature. At 25* C. the ‘ 
yalue of the constant is 10. 
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This rule provides a means of measuring the basicity of an acyl and of 
deciding the formula to t>e .assigned to it and its salts. Thus potassium 
permanganate was at one timo assigned the formula I£ 2 Mn 2 0 8 . The following 
results prove, however, that the simple formula KMnO t is the correct one. 1 
p represents tl$ equivalent conductivity, and if the volume of solution, in 
litres, which contains 1 gram equivalent of solute. 

v. fi. v. (A 

32 113-7 . 128 lkO-9 

64 117*1 256 121-8 

Whence, • ~ ^ 82 ^ 10-0 

On the other hand, the simple formula KS0 4 for potassium persul¬ 
phate was, by the same method, shown to be incorrect, and K^Og 
substituted. 2 

Consideration of Results. —Since, according to Van’t Hoff, a substance 
dissolved in a liquid medium behaves as if it were converted jnto a gas, it is 
natural to expect general agreement between the molecular weights of sub¬ 
stances in the gaseous state and in solution. Thus, arsenic trichloride 
dissolved either in benzene 8 or in carbonyl chloride, 4 has ^he molecular 
weight corresponding to AsCl 3 , and the same valuo is arrived at from vapour 
density determinations. So, also, iodine is represented by 1 2 , both in the 
state of vapour and in solution in bromoform* and in a largo numlter of 
other solvents; and* nitrogen peroxide dissolved in acetic acid exhibits 
the power of forming double molecules to much the same extent as in the 
state of vapour. 6 Still further, the metals rr^rcury, lead, zinc, and cadmium, 
which, as vapours, have'monatomic molecules, exist in a similar condition 
in solution in tin. 7 * 

If different results are found in the two states—an3 it may b % e said at once 
that ther5 are many such cases,—the cause Inay be traced one or more of 
tho factors, temperature^ concentration, and solvent. # With regard to the first, 
it will be apparent, fr >m tho fact that much lower temperatures are used, as 
a rule, in solution lTieasurements than in vapour, thatXbe possibility uf asso¬ 
ciation becorrvss increasingly greater. , 9 * 

The following are examples Of inorganic substances known to be associated 
in Solution in certain solvents: hydrogen chloride and nitrogen peroxide and 
tri-oxide (in benzene); water; sulphur and phosphorus; 8 antfmony trichloride, 
and *tril5romide; mercuric, zinc, ferric, and lithium chlorides; aluminium 
bromide fnd iodide; ammonium, potassium, and rubidium krtlidos, and the 
halogen confounds of the organic bases resembling tTio alkalies. The extent 
association varies in practically all case* witb concentration, the molecular 
size increasing as the solution bocomes more concentrated, as illustrated by 
the following examples:— , • c 0 

* 1 Bredig, ZciSkcl/t. physical. Chem., 18$3, 12, 230. 

8 Walden, loc. eit. ; Bredig, loc. cit. 

8 Raoul t+Compt. rend 1885, IOI, 1058. 

4 Beckmann and Junker, fyUtfh. anorg. Chan , 1907, 5 ^ 371. 

* Beckmann and Stock, ZeitsA. p\ysik(\l. Cha^., 1895, 17 , 107. 

8 Ramsay, Tram. Chem. Soc., 1888, 53 , 621. 

7 Heycockand Neville, Trans. Chem. Soc., 1890, 51 , 3?6. 

8 Beckmann, Zeitsch. physik al* Chem. , 1890, * 5 , 76. 


v. /x. 

512 122-6 

1024 123-7 
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Phosphorus in Carbon 
Disulphide. 1 2 

Antimon* Trichloride 
in Chloroform 8 

r ... . . 

per 100 
grams CS 2 . 

M. W. 

SbCl 3 per 100 
grams CHCI 8 . 

m . vr. 

grams. 

« 

grama. 


1 *581 

129 f 

6*4 * 

262 

3 723 

134 

7*34 

2(59 

7*44 

142 

8*88 

272 

10 84 

160 

11 T 

' '284 

18'86 

170 



(1V=12 

)• 

(SbCl, = 22 

6 *6). 


In salts the degree of association depends both on the positive and negative 
radicle, an increase in the mass of the positive radicle, when a series of 
similar salts is considered, bringing about a decrease in the degree of associa¬ 
tion. Thus, m chloroform solutions, each containing 0*025«>gram-molecule 
of solute in 100 grams of solvent, totraethylammonium bromide has an ap¬ 
proximate molecular formula of [(C. 2 H 5 ) 4 NBr] 72 , and tetrajjropyl-ammonium 
bromide [(0 3 H 7 ) 4 NBr)], w In like manner, ammonium iodide is more 
strongly associated than potassium iodide, and this, in turn, more than 
rubidium iodide. 3 « 

The Influence of the Solvent in Molecular Weight Deter¬ 
minations. —Another factor besides the temperature may serve to make 
the molecular sizo in solution different from that in the gaseous state, 
namely, the influence 0 / the solvent<itself. This influence may be chemical or * 
physical, or both. When combination occurs between the solvent and the * 
substance dissolved, it is usually found that the molecular weight of>tbe 
substance is apparently lowered. Instances of this Qccur in the aotermina- 
tions made by Werner and his pupils 4 of the molecukr weights of a large 
numbtr of halogen ^Hs of metals, such as CJuCl, A101|, etc., in piperidine, . 
pyridine,^and other solvents, in which combination between solvent and 
solute occurs. 

Where chemical action is alwent, the solvent may exert an influence of*; 
another kind. Solvents have generally been classed as associating solvent&C 
or dissociating solvents according as they allow or prevent the formation, by ■ 
substances dissolved ip them, of aggregates of simple molecule*/. To the 
class of so-called associating solvents belong benzene, carboq disulphide, 
chloroform and broraoform, ‘etc., and to those which prevent association** 
actu^Jly dissociate the molecular complexes of added substances belong 
water, methyl and ethyl alcohol, and others. < It has been shown 5 * * that t)ie 


1 Beckmann, loc. cit. ' « 0 * 0 

2 Turner, Trans . Chem. Soc., 1911, 99 , 880. 

* For references to and discussion of the molecular association />f salts, see W. E. S. 

Turner. Trans. Cher?. Soc., 1911, 99 , 880. f , < 

* Werner, Ztitsch. anorg. Chem. , $897, 115 , 1. c 

8 Turner, h.% cit., also Trans. Chem. Soc., 1912, 101 , 1923 ; Turner and Pollard, ibid., 

1914, 105 . 1751; Turner and Bissett, 1914, 10 $, 1777 : Meldrum and Ttfrner. Trans. Chem. 

Soc., 1908, 93 876 ; 1910, 97 , 1*605. * 
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degree of assficiation depends largely on the dielectric constant or specific In¬ 
ductive capacity of the medium, media of high dielectric constant preventing 
association, whilst those of low value most readilj permit of association. 
A medium of high dielectrio constant weakens the Attractive forces between 
molecules, whereas one of low dielectrio constant, allows these forces freer 
play, and does not hinder their mutual attractions. 1 

The Molecular Formula: of Inorganic Substance!.— From the 
foregoing it is evident that molecular size,#nd therefore molecular formula, 
should bo associated with certain definite conditions if any uniform system # 
for writing molecular formtilse is to be obtained. Quantitative knowledge of 
the molecular st&te of liquid substances (sec this chapter) is at present so, 
uncertain that it isMqf? usual to take it into account in fixing the formula to 
be adopted. Avogadro’s Hypothesis is made the basis of the molecular weight 
system, and equal weight is given to determinations whether made in the 
state of vapour or solution. 2 No convention has been adopted, however, *as 
to the temperature of comparison, or to the medium to be regarded as the 
standard. The simplest molecular formula of iodine obtainable is I, not I 2 , 
for dissociation of I 2 begins at as low a temperature as 600*, and at high 
temperatures the sulphur molecule is undoubtedly represented by S. As to 
the medium, if* is uniformly the same in vapour density determinations, 
namely, the ether (vacuum), the dielectric constant of which is*taken as the 
standard (and has the*lowest) value, unity. For investigation in solution, 
then, some solveift of low dielectric constant should be used if the process is 
to be comparable with a vapour density determination, and the state of the 
free physical molccul# is to be ascertained. If water is the solvent, in the 
case of a salt tho simplest possible molecular weight may be no more than a 
fraction of that corresponding to the simplest chemical formula. It has 
therefore been suggested *by Turner tlTat one of the following schemes be 
adopted for the derivation of molecular wqjghts and foijpmhcj— 

• I. Employ as molecular weights and formula! those values wtycli actually 
correspond to the states of the substances unTler specified conditions. 

This means that each substance may he represented by different formula 
according to its temperature and concentration, and also according to the 
nature of the medifim surrounding it. • 

IT. Choose,molecular weights and formula) only from the results of vapo’ur 
density measurements, as in the original application of Avogadro’s Hypothesis, 
since, by so doing, tho medium will ho fixed; and use for purposes of*com* 
parison temperatures within 100° of the boiling-point. ., 

III. Make vapour donsity measurements only the basis, and adopt the 
formula) dbrresponding to tho highest temperatures attaiifed with the 
substances. • . 

Tlte first scheme is doubtless tho best in theory, but, in the present state of 
knowledge, hardly possible in practice, and scheme IT. is probably better # than 
IIJ. The last-named agrees irksome respects^ with present practice, in that 
the smallest or simplest possible formula is usually adopted. Thus*H 2 , N 8 , 
0 2 , jUCl 3 , NaCl, KC1, A^Ql would represent molecules of these substances,' 
as is at present the custom in chemical literafure. Cut then, for the sake of 
consistency, cuprou^ chloride should be written Cu 2 Cl 2 and not CuCl; and P 2 , 

• 

1 See Turner, loc. ctt. - 

■t The usual custom 4>eing to use the smallest possible formula* obtainable by ttieat 
processes. See Turner, Molsculav >4s.wciofioa*(Longmans, 1$15). 
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As 2 , S, J f and from the indications given at 1500*, Br and Cl, Should also be 
written for molecular quantities. Molecular forif nice chosen in 'accordance 
with scheme III., however, cannot be regarded as strictly comparable. In 
any case, whichever of the preceding systems be chosen, the data at present 
available only suffice for the determination of a limited number of molecular 
formulae, and the majority of formulae can only be regarded as empirical. 

Abnormal Mplecular Weights in Aqueous Solution The 
Theory of Electrolytic Dissociation. —When water is the solvent 1 in 
t molecular weight determinations aqd the substances concerned are electrolytes 
*—acids, bases, or salts,—the results differ essentially from those observed 
, with non-electrolytes, such as cane sugar, urea, etc. Molecule for molecule, 
an electrolyte always produces a greater osmotic pr&jsure or depression of 
freezing-point than a non electrolyte. Accordingly, at the time when Van’t 
Hoff showed, from his interpretation of Pfeffer’s osmotic pressure measure¬ 
ments, that the equation PV=RT holds alike for gases and solutions, he was 
obliged to introduce into the equation, where cloctrolytos were concerned, a 
factor i (the so-called Van’t Hoff’s factor), 

, Obs. osmotic pressure Obs. F.Pt. depression 

Calcd. osmotic pressure Calcd. b.l t. depression 

t * 

the solution being of normal concentration. For, salt solutions 'of this 
strength, accordingly, the gas equation became PV = t'RT. - 

Jhe explanation of this phenomenon, put forward by Arrhenius in 1887, 
is known as the Theory of Electrolytic Dissociation or the Ionic Theory. It 
will receive detailed treatment in a subsequent chapter'(seo Chap. VI.). 

Thu Molecular Wekghts op Pubis Liquids. 

Many methods have boon proptsed by which the molecular weight of a 
liquid substance may be measured, but none of them possesses a sound" 
theoretical basis such as Avogadro's hypothesis affords to the study of gases 
and dissolved substanaes. At best, the results q,an only be regarded as 
approximate. Of the various methods, only those which have in some 
mpas&re been used-with ilforganic substancef. are discussed. 

Ramsay 'and. Shields’ Method. — The early work of Eotvfis - 
formed the basis upon which Ramsay and Shields 3 founded a method for 
determining thq molecular weights of pure substances in the liquid state. 

It has been seen in Chapter II. that if P, V, and T denote the pressure, 
gram-molcctijar volume, and absolute temperature of a gas, ti>»» 15 

' PV - RT, 

where R is a constant, independent of tho nature of,the gas. The prnduetW 
maybe termed the volume-energy of the gas. An equation of similar type 

. 1 Turner and his co-workers have shown that the molecular weight of a solute is almost 

ontirely a*function of the dielectric constant of theaolvent. • "When this constant is high, the 
molecular weights of electrolytic solutes are smaller. Water, formic acid, formamide, and 
hydrogen cyanide—all solvents of high dielectric constant—behave similarly. Thus water 
ip not really abnormal in its behaviour although, ( bein§ the first case'of its kind to be studied, 
it was l egardod as exceptions), , e * ‘ t 

2 EofVos.ifPrVd. Jnnalcn, 1880, 27, 448. 

3 Kan*;ay and Shields, /Vito Tram., 1893, A, 184 , 847 ; Truns. Chcm. Soc. t 1893, 63 , . 

1089. • * 
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has been sjiown to hold, within certain limits, between the a’urface^nergy of 
a liquid and the temperature* The equation is 


y.»=--k r, 


where (y.s) is the surface energy, r the temperature measured downwards 
from the critical temperature, and k is a constant, independent the nature 
of the liquid. The surface energy is the product of y? the surface tension 
between the liquid and its vapour, and s , wliich denotes a surface over which 
are distributed a certain definite number* of molecules , „• 

the same for all.Jiquids. 

The preceding ^qi*ifion was found by Ramsay and 
Shields to be only approximately true. The relation¬ 
ship between (y. s) and r was found to be as indicated 
in fig. 70, the portion OC of the graph starting from 
the critical temperature at 0 being curved, and the 
portion CA being rectilinear. Henco it is necessary to 
subtract from r the Value OB = r l, say, and not to use 
the equation at temperatures between D and 0. The 
corrected equation is therefore 



y . s — k{r - d). Fio. ft).—Variation of 

rm , . , . * . _ molecular surface 

J he value of a is # usualjy about o. energy with the 

As a measure of n, the expression (Mv)J, proposed temperature, 
by Kotvos, is adopted ; M and v denote the molecular 
weight and specific folume (i e. volume occupied by one gram) of the liquid„ 
respectively. 

In order to eliminate^ and arrive at the value of k , measurements of 
specific volume and surface tension are made at two different temperatures 
Denoting simultaneous values by the samt suffix, the iquuti&ns 


# y 2 (M ^ 2 ) 5 = % 2 - d) 

lead to the following Equation for k :— 

• £ = yi(Mtti) 1 - y 2 (M^ ! 

( T i - 

Now it is found that if k be determined from this equation, using for 
M th« nftilecular weight of the substance in the gaseous state, the value is 
2T2 (usir% C.G.S. units) for quite a number of substances. «Jt is therefore 
concluded that these substances undergo no change in molecular weight 
their passage from the gaseous to the liquid •state. 1 Among such nwmal 
liquids are benzene, chldl-obenzeife, and ether. When, therefore, it is observed 
that the value of k for a liquid js less than 2T2, it is coqpluded that a^socia: 
tion takes place when the vapour condensed to liquid (since to obtain the 
normal value of k a greater value for M is necessary than the one; that has 
been assumed). From flic observed value o? k { for*any particular substance, 
it is possible to derive an approximate measure of the degree of association. 
Thus, if association has taken plqpe^ k Y is less than 2T2, simply bemuse ijie 
_•. . • • * _ ___ 

1 For a discussion of this point, see Yuiing, Stoichiovictry (Longmans, 1918), pp. 222 
and 352. 
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mass oft.tlie molecule is not truly represented by M, but by xM. where x 
greater than unity and expresses the degree of association. Hence, whilst 

y(Ma)} = i 1 (r-d), 

by substituting xM for M the equation becomes 

y(*M»)« = 2-12(7 -4 

whence 

,, . , x ~ (2 - 12/A,)l 

approximately. 

The practice of the method requires the determinations at two tempera¬ 
tures (for accuracy, not less than 10° apart) of surface* tension and density. 
The surface tension is measured by the height to which the liquid rises in a 
capillary tube, and is calculated from the equation y=gro-h/2 } where h is the 
height of liquid, cr the density, r the radius of the tubo at tho meniscus 
of the liquid, and <j the constant of gravitation. From the density the 
specific volume v is obtained, since *y=l/o-. 1 

The following table, compiled from the results of several investigations, 2 * * * * * 
' records the degree of association of a number of substances:— 


Substance. 

Tempera¬ 
ture °C. 

X. 

Substance. 

Tempera¬ 
ture °C 

X. 

Phosphorus trichloiide . 

16-46 

1-02 

Sulphuric acid . 

10*2-132 5 

32 3 

Sulphur monochloride 

46-78 

1-01 

Sodium nitrate. 

330-400 

107 

Sulphuryl chloride . 

16-46 

0 97 

Potassium nitrate . 


8 7 

Silicon tetrachloride 

18 9-45 5 

1-06 

Silver chloride . 


3*29 

Hydrogen chloride . 

159-192 

1-7-2 

Load chloride . 


3*60 

Water ..... 

20-30 

d-81 





Ramsay and Shields’ method has been employed much more than any 
other for determining the molecular weights of liquids, but in a number of 
oa$es the value of k is-considerably greater than 2*12, which would apparently 
represouf a state of dissociation of tho molecule. In most instances where 
-this is observed there is no reason to believe that dissociation actually occurs, 
and the existence, of such cases shows that implicit reliance cannot be placod 
upon the method. 8 It is more reliable to regard a liquid as normal when 
(y . i) is a linear function of the temperature than to judge by the numerical 
value of k. 

The surface tension of the liquid need not be measured by *ho capillary 
tube method.- Morgan uses the arop-weighi mcfchoj, basing it upon Tata’s 


1 For details of apparatus and methods, see Ramsay and Shields, lot. cit. ; Dutoitand 
Friderich, Arch. Sci. phys. nat., 1900, [iv.j, g, J05 ; Guye and Baud, ibid., 1900, [iv.], u, 
409, 537 ; Ilcwitt and Winmill, Trans. Chem. Soc., 1907, 917 441; Renard and Guye, J, 
<Jhim. phys., 1907, 5, 81. 

2 Kamsay and Shields, loc. cit. ; Ramsay and Aston, Trans. Cbejm. Sue,, 1894, 65 , 167; 

B<}ttomle; T , ibid. , 194)3, 83 , 1421 ; Lorenz and ftapfler, Mer., 1908, 41 , 3727. 

8 See Dutoitand Friderich, loc. cit. ; Mi is Horn fray and Guye, J. Chin\ phys., 1903, i, 

505; Turrfer aud Merry, Trans. Chem. Soc , 1910, 97 , 2069; Walden, Zcitsch. physikal. 

Chem., 1910, 75, 555'; Tyrer, ibid., 1912, 80 , 50; Guye, J. Chiifi. phys., 1911, 9 , 605 ; 

Walden and Swmne, Zcitsch. physikal. Chem., 1912, 79 , 700; 1913, 82 , 271. 
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Law that theVeight of a drop of liquid, formed at the plane end of a thick- 
walled fcubfc of capillary lyre and allowed to fall as the result of* its own 
_ weight, is proportional to the diameter of the end of the tube and to the 
surface tension of the liquid . 1 Tato’s Law, however* is only approximately 
true under certain conditions, as has been shown •theoretically by Lohnstein 
and practically by Harkins and Humphrey. The latter investigators have, 
shown that the drop-weight method may be accurately applied without 
assuming Tate’s Law/ • 

Trouton’s Law . 2 —Trouton’s Law, usually stated in mathematical 
form, is ML/T = constant, \fhore M is the ftiolecular weight of the substance * 1 
(as a gas), L it^latent heat of evaporation, and T the teinperaturo of the 
boiling-point (at atmospheric pressure) measured on the absolute scale. 

Walden, from a largo number of measurements with normal liquids, gives 
20 7 as the value of the constant for normal liquids. If the observed value 
is appreciably higher than this, it is taken as indicating association of the 
molecules during passage from the gaseous to the liquid state. Thus, liquid 
ammonia gives the value 23*6 and water about 26, so that these substances 
in the liquid state aro not represented by the simple fornpilte NH 3 and 
HjO respectively, as indeed all methods agree in indicating. 

Walden’s ^Methods.—Walden has deduced a method in which the 
surface tension is involved, but which differs essentially from* the Ramsay 
and Shields’ method. The surface tension results are not employed in the 
ordinary units, bftt in terms of the specific cohesion a 2 = 2 y/rr, where y is the 
surface tension and o- the density. Walden 8 finds that between the latent 
heat of evaporation ayd the specific cohesion, when both are measured at the 
boiling-point, a relationship exists such that L/u 2 — constant. The average 
value of the constants found to bo 17‘9. Buj., according to Trouton’s Law, 
ML/T— 20-7. By substituting the value L=l7*9a 2 * in this equation, the 
expression M = l*16T/a 2 is obtained, whereby the molecular weight of the 
•liquid can be calculated. 5 * 

By this method Walden found, for instance, that SuCl 4 , &iCl 4 , Br 2 , CC1 4 , 
PC1 8 , S0,C1. 2 , and CS« were the formula) actually representing these 
substances in the liquid* state. Furthermore, the anomalous results found 
with certain compounds when Ramsay and Shields’ process is adopted are 
not found with this method. * 

A slight modification of this process has been applied *by Walden to many 
inorganic* substances, particularly salts. Substances at their boiling-points 
are at approximately comparable temperatures, for, very roughly, the boiling- 
point^enfperature is two-thirds of the critical value, both measured on the - 
absolute stale. If the melting-points of substances could *be similarly 
regarded as comparable temporal ures, then the explosions L/a 2 and ML/T 
wqjild*also bS constant at* the melting-poinL Therefore, in turn, the expres- 


1 Morgan and Stevenson, J. A mg'.-Chem. Soe ., 1908, 30 , 360 l M organ and Higgins, 

1908, 30 , 1056; Morgjyi, ibia., 1911, 33 , 349%nd 643 ; Morgan ahd Thornssen,- 
ibid.j 1911, 33 , 657 ; and numerous other subsequent papers in the same journal. *See alsq 
Lohnstein, Aim. rhysik, 19fi6f [iv.] , 20 , 237, 606: Zeitnc\ pliysikal. ChemJ 1908, 64 , 
686 ; ^1913, 84 , 410 ; Harkins and Humphrey, J. Amcr. Chem. Soc ., 1916, 38 , 228, 23o,- 
242; 'Harkins and Brown, ibid., p. 246. Reference should also he made to the work of 
Jaeger and his co-workers ( Proc. I{. Akud. Wetensch. Amsterdam, 1914, 17 , 329, and 
subsequent papers), in which tho pressurcfwRhn^ an ijnmersed gas butfblo on t he* point bf 
bursting is utilised to measure the surface tension of the liquids. . 

2 For the derivation qf this law see Young, Stoichiometry (Longmans, 1908), n. 165. 

8 Walden, Zeitsch. physikal. Chem., 1909, 65 , 129, "259, 547 ; Kistiakowsky, Zeitseh. 

Elcktrochem.^ 1906, 12 , 518 ; Dutoitand Mojoiu, J. Chim. phys., 1909, 7 , 169. 
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, sion M = (constant) xT/a 2 would be ’applicable at the melting-point (T), 
although the constant would have a different valu^ from the preceding. 

Walden tested this expression for measurements made at the melting- 
point and found, for a la/ge number of aon-associated liquids, that M<i 2 /T is 
actually a constant and equal to 365. Hence the molecular weight of a 
, liquid at its freezing-point is obtainable from the equation M =■ 3*65T/«x 2 . 
The results All indicate that fused salts have very complex molecules, tho 
degree of complexity of sodium chloride being 10 ; sodium bromide 8 ; sodium 
iodide 6 2. In all the cases investigated, the chloride is most and the iodide 
ieast associated. 

Of other methods which have been proposed, special Reference may be 
made to that of Guyo . 1 This investigator points out that' the presence, even 
to a small extent, of associated vapour molecules, is an indication of extensive 
association in the liquid state. In both states there is an equilibrium, 
defending on the temperature, between the various forms of tho substance 
present. From the known concentrations of these in the vapour (see 
p. 141), and the known volume of vapour produced from unit, volume of 
liquid, Guye calculates the degree of association in the liquid state. At 
present the method has only been applied to water, and the results indicate 
that in the liquid state water consists of a mixture of (H 2 p) 3 , (H 2 0) 2 , and 
H 2 0, called respectively trihydrol, dihydrol, and hydrol. These results are 
in general agreement with the views of llousfieid and Lowry , 2 and partly also 
with those of Sutherland 3 and of Armstrong . 4 

1 Guye. Trans. Faraday Soc., 1910, 6 , 78. 

2 Bousficld and Lowry, Trans. Faraday Soc., 1910, 6 , 15. 

* Sutherland, Phil. Mag., 1900, [V.1, 50 , 460 ; Trans. Faraday Soc. , 1910, 6 , 105. 

4 IT. E. Armstrong, Proc. Hay. Soc., 190$, A, 81 , 80. 



CHAPTER V. 


CHEMICAL CHANGE. 


Types of Chemical Change. —A general idea of the nature of chemical 
change and its distinction from physical change has been given in Chapter I. 
The further consideration of chemical change will form tho subject of the 
present chapter. • 

The following types of chemical change may be recognised:— 

1. Combination —Two or more substances unite to form $ne new sub¬ 
stance. Examples are (a) the union of mercury and oxygen to form mercuric 
oxide; (b) the uijion of hydrogen and chlorine to form hydrogen chloride; 
(c) the union of phosphorus trichloride and chlorine to form phosphorus 
pentachloride; ( d ) the union of sulphur trioxide and water to form sulphuric 
acid, etc.:— 

(a) 2Hg + 0 2 = 2HgO 
:(b) H. ; +C1 S 2ftCl 
(c) PCl s + Cl a -- PC1 5 
id) SO s +H 2 0t=H s S0 4 . 


The addition of oxygen to a substance is*termeu wwihwii, U1H UUU1I/1U1I 
of hydrogen, reduction. 1 • Thus ( a ) and (b) represent ihc oxidation of mercury 
and the reduction^ erf chlorine respectively. A substance is said to be 
synthesised from its elements •when it is formed by tire direct union *of # its 
constituent elements, and accordingly (a) and* (b) demote 4he syn^Jiesis of 
mercuric oxide and hydrogen chloride respectively.” 

2. Decomposition of a substance into two or more simpler substances. 
Example^ are (a) the decomposition of calcium carbonate into carbon 
dioxide and calcium oxide; (b) of phosphorus pentachloride into phosphorus 
trichloride'and chlorine; (c) of ammonium nitrate intojiitrous oxide and water, 
etc , all of wiiich are effected by the application of heat:— 


•(«) CaCt) 3 
(b) PCI 


= CaO + C0 2 


(c) NH,N0j- N 2 0 +^H„0. 


1 Oxidation also comprises subtraction of hydrogen, the increasing of electro-negative 
atoms or radicles in a njolecule, and the diminution of elcctro-positivo atoms or radicles in a 
molecule; reduction also comprises s|ibtr;u:tion of oxygon, the increasing of electropositive 
atoms or radicle%in a molecule and the di initiation ot'.electrqjncgativo atoms or radicles in 
a molecule. • * 

3 The building up of«a substanco from its elements, even when it is necessary*!*) perform 
the process in a number of stages, is also ternfed its synthesis. 
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3. Dissociation .—Ifc will bo noticed that one of the reactions described aboye 

as a combination is also described as a decomposition. This apparent contra¬ 
diction arises from the fact that according to the conditions of the experiment, 
the reaction can bo m&de to proceed in either direction. It is accordingly 
a reversible reaction. Reversible decomposition is known as dissociation. 
The fact that a reaction is reversible is indicated by replacing the sign of 
equality in tlte chemical equation by ; 1 so that the preceding dissociation 
is written:— 1 (V 

pci 5 ^rci 3 +ci, , 

Reversible reactions in general will be discussed later. 

4. Displacement of one element in a compound by t*he action of another 
element. Examples are (a) the displacement of hydrogen in hydrogen 
chloride by zinc; ( b) of iodine in hydrogon iodide by-chlorine; (c) of iron in 
fe*^ic oxide by hydrogen ; (d) of silver in silver sulphate by copper, etc.:— 

(a) Zn + 2HCI«ZnCl s +H 2 

(b) 2HI +C1 2 -2HC1 +I 2 

(c) Fe 2 0 3 +3H a =■ 2Fe + 3H 2 0 

(d) Ag 2 S0 4 + Cu =-- CuS0 4 + 2Ag. - 

Such a displacement as (c) is a reduction, viz. the reduction of iron oxide 
to iron by removal of oxygen. Similarly, the removal of hydrogen from 
hydrogen iodide in ( b) is an oxidation of hydrogen iodide to iodine. 

6. Double decomposition or metathesis .—This type is of very frequent 
occurrence, and may be represented generally as follows:— 

AB + CD-AC + BD. 

Examples are (a) the interaction of hydrogen chloride and silver nitrate; 
’(£) of barium vitratq and sodium sulphate; (c) of sodium chloride and 
sulphuric acid, ^etc.:— 

(a) HOI + AgNO, = AgCl + H NO, 

(b) Ba(jS T 0 8 ) 2 + Na.,S0 4 - 2NaNO s + ByS0 4 

(c) Na(Jl +H 2 S0 4 =NaHS0 4 + HCh # 

DouJjle decomposition in which water is one of the starting materials, is 
called hydrolysis , or hydrolytic decomposition; e.g. the decomposition of 
phosphorus tribipniide by water:— 

PBr 3 + 3H 2 0 = H 3 POj + 3HBr'. ' < 

6. Substitution .—This somewhat resembles displacement, but the dis¬ 
placed element combines with the displacing element. For example, the first 
action of chlorine on methane is represented thus— , 

4 • I CH 4 +C1 2 =CH 3 C1-VHCL 

Substitution is of frequent occurrence in organic chemistry. 

The preceding are the simpler types of chemical*change. The classifica¬ 
tion here employed is independent of chemical theory. Frequently, however, 
the classification of chemical reactions is bpsed upon'the molecular and 


1 This symbol, proposed by If. Marshall, is more commodious than which is 
frequently employed. * 1 



OHEMICAL' CHANGE. 


I6i 


atomic theories, when the results differ somewhat from the preceding. For 
instance, the synthosis of hydrogen chloride is then looked upon as a double 
decomposition— 

HH + CKJUHC1 + HC1. 0 

Further, the term “dissociation' 5 is restricted to mean the yeversiblo de¬ 
composition of one molecule into several others. This restrioLon, however, 
is not adhered to in practice, the decomposition of oaleiflm carbonate being 
almost invariably called a dissociation, although the molecular weight of 
calcium carbonate is unknown. * 

In the present state of knowledge concerning molecular weights, it is 
impossible to carry .onfra classilieation based upon molecular considerations 
without having to assume the molecular formula' of a largo number of 
substances. 

There is another type of change which differs markedly from tho preced¬ 
ing, viz. that in which one substance is quantitatively transformed into 
another, without either the addition or the subtraction of any material 
substance. Tims the change is not associated with any change in composi¬ 
tion. Examples are the conversion of yellow into red phosphorus, of oxygen 
into ozone (see allotropy, p. (51), tho transformation of ammonium cyanate 
into urea, etc. 1 * Such changes arc called internal rtarranffrin^nts, and are 
attributed to reairangemeuts of the atoms in the molecules. It is when 
such reactions as # these are considered that the separation of chemical 
from physical changes becomes difficult, for there is a close resembhfnco 
between the changes quoted above and the changes of the nature of fusion, 
evaporation, transition from one crystalline form to another, etc. (see Chap. 
II.), which are usually classed as physical ehaimes. 


Thermochemistry. 

• O 

Introductory. —It lias been already touted (p. ;">) th^t *a chemical 
change is accompanied by an evolution or absorption of heat, this being the 
usual manner in which the difference between the •internal energy of the 
system in its initial, «md final states is rendered evident. Since, however, 
many physical changes—fusion,, vaporisation, etc.—are 'attended by thermal 
changes, this phenomenon alone does not distinguish between* rhemigjd and 
physical change. The study of the 1 hernial effects associated with chemical 
changes is termed fhertnochnnistn/.' 1 • 

Therinychemical change is readily understood in the light of the law of 
conservation of energy (p o). Each substance under givep conditions 
possesses a definite amount of internal energy, usually termed its intrinsic 
energy.. The uuiu of tho intrinsic energies of ihg various substances which 
undfeigo change is, in general, «hfferent Trom the sum of the intrinsic 
energies of the substances produced. The difference, expressed in heat units, 
------ ■* 

1 Dissociations such as the following - 


N./V 


‘2NO.,. 

--.‘21 


arc also changes in widely there is no alteration m composition. 

- For further information the rolder is referred to the following *works: THbmsen* - 
Thermo chemistry, •translated by Burke (Longmans k Co., *1908); Muir and Wilson, 
Elements of Thermal Chemistry (Macmillan k Co., 1885) ; Ostwald, Lfhrburh der nlhje- 
meinen Chcmic (Leipzig, ‘Aid edition, 1898), v*l. n., pt. 1, and the wefrks of Thomsen and 
Berthelot refeired to later. B 
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is called the heat tone of the reaction ; when it represents heat liberated, the 
reaction is said to be exothermic, whilst when heat is absorbed, the roaction 
is described as endothermic. The majority of reactions are exothermic. The 
heat tone of a reaction is usually accounted for as the thermal change 
observed, but in certain -circumstances it may appear partly as electrical 
energy, sound, etc., whilst there is frequently external work done on or by 
the system. It is onjy possible to determine the difference between the intrinsic 
energies of two systems, one of which may be converted into the other, and 
thcrmoehemical measurements afijprd the easiest means of acquiring such 
data. The reactions chosen for these measurements are those, like solution, 
dilution, neutralisation, etc., which can be quickly cfledied at ordinary 
temperatures and in which the only energy changes 46 bo considered are 
those due to thermal change and external work. In such reactions the 
ol$crvcd heat of reaction practically coincides with tho heat tone when 
solids and liquids only are concerned, the external work being negligible. 
When gases are produced or used up, a small correction is necessary to obtain 
the heat tone of the reaction. 1 

Historical. —The first important generalisation discovered in thermo¬ 
chemistry is due to Lavoisier and Laplace; 2 namely, that the quantity of 
heat required to decompose a compound into its elements \s equal to the 
heat evolved'when the compound is formed from its,elements. The father 
of modern thermochemistry, however, is Hess, whose work appeared in 
18-ip. 3 Hess discovered the fundamental law upon which ail thcrmoehemical 
calculations are based. This law, known as the Law of Constant Heat 
Summation , may be stated as follows: — 

The heat developed in a chemical ehanye depends only on the initial and 
final stayes of the system , and ij independent of the intermediate stayes tlirouyh 
which the system passes.* 

For example, the total heat do eloped when a quantity of ammonia gas 
is allowed to react with its equivalent of hydrogen chloride and the product 
dissolved in a large quantity of water is equal to that developed when the 
same quantities of these, substances are separately dissolved in excess of water 
and the two solutions mixed. Hess arrived at the law by experiment some 
years* before the law \>f the conservation of energy was recognised. Subse¬ 
quently J. Thomsen pointedmut that Hess’s Law could he deduced from the 
law of conservation of energy. 

thcrmoehemical measurements have been carried out by two 
chemists and their pupils. The experimental work of J. Thomsen com¬ 
menced in 1853, that of M. Berthelot in 1873. Throughout their lives, those 
two investigators were constantly occupied with thermoehcmieai problems, 
and they accumulated a vast amount of data of considerable acyuracy.^ The 


’(Tinsamounts to 0‘58 Cal. per giam molecule of gas at 18° (vide su)>ra, p. 28). To 
obtain t!ne lietit tone* it is added to t^/o beat ineu.sure<H'alorimetrically fm each gram molecule 
of gas puduced (since its equivalent lias been expended in work done by the system), and 
Subtracted for each giam-molecule of gas that disappear (sipco its equivalent in heat is de¬ 
veloped frrf/n woik done on the system). In the examples givfu the values denote heat tones. 

2 Lavoisier, (Kiteres, vol. ii. p. 287. 

3 Hess, I'uijij. Anna ten , 1810, 50 , 885 ; Ostwald’s Klassdccr, No 9. 

1 * It'is, of couif-Oi understood that the production oV electrical energy, sound, etc., is not 
supposed to occur. e < s 

“ Published in the following woiks: Thomsen, Thcrmochemnsr/ie Untcrmvh nngen { Leipzig, 
1882-6), 4- vuls.; HeVtholot, Essai de mtvhcmqne chimoptr. fon% ! c stir la thennochimie 
(Paris, 1879), and Thermochimie donnics ct lots n timer itpics (Paris, 1897), 2 vols. 
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pioneering work of Favre and Silbennaun , 1 and the later work of Stohmann* 
should also be mentioned. . The revision of a large amount of thcrni'oehemieal 
data has been commenced yy T. W. Richards, and a number of results have 
been already published . 3 • 

Thermochemical Methods, Notation, etc.—The practice of thermo¬ 
chemistry belongs to the branch of physics known as ealoriiiMrv and cannot 
be described here . 4 Such reactions as solution, noutralisj^ion, etc., arc carried 
out in an ordinary open calorimeter, but the heats of combustion of sub¬ 
stances are measured by^means of a ^alorimetric bomb, a closed steel, 
vessel lined with platinum or enamel, in which the substance is burned in 
oxygen under f?evern^ atmospheres pressure. The substance is placed in* 
contact with a wirepeated electrically to start the reaction, and the heat 
liberated is determined by submerging the bomb in a known mass of water 
and observing the rise in temperature. 

There arc three units of heat in common use in terms of which tho 
results are usually stated, namely, the gram-calorie at 18”, written cat., tho 
kilogram-calorie, which equals one thousand gram-calories and is written CaL, 
and the heat required to raise the temperature of one gram .of water from 
0° to 100° is adopted as the unit. The latter is practically one hundred 
gram-calories, and is written K . 5 

The simplest method of expressing the hmt of reaction corresponding to a 
change is to write down the change in the customary way as an equation, 
and affix the magnitude of the thermal effect at the end, a positive sign in¬ 
dicating heat evolution, a negative one heat absorption. The quantity of heat 
stated is that corresponding to the reaction between the number of formula 
weights expressed ill the equation, the unit of mass being the giam. For 
example, the equation i# • 

[Zn] + (01 2 ) - [ZnOlo] + 97-‘2 Cals. 

'indicates that when 65*37 grains of zinc unite with 7(f'V'2 grams of chlorine, 
97’2 Cals, of heat are evolved. ° • # 

When a substance is dissolved in a large excess of water, the further 
addition of water has no thermal effect. To indicate that a substance is 
dissolved in such an excess of water, the abbreviation Aq is a,ppended#to its 
formula. For example, tho equation • • 

[ZnCl 0 ] + Aq. = ZnCln.Aq. + 15*0 ( r *als. 

means that the. solution of 136*29 grams of zinc chloride Tn a large excess 
of wafhr is attended with the evolution of 15*(> Oils., whilst the equation 

, IlCl.Aq. + NaOH.Aq. - NaCl.Aq. +13*7 Cals. 

• a 

denotes that when 36 47 gratys of hyivrogeif chloride in dilute aqueous 
solution arc mixed with 40*01 grins, of sodium hydroxide in dilute aqueous 
— • — • .• — 

1 Favre and Silheimann, inn. Chun. J/iys. } 185$, fm.j, 34 , 3a 7; 1852, (iij.1, 36 , 1; 

1853, [in.], 37. 406. * 

2 Stohmann, J. prukt. Cfafl , 1889, 39 , 503. « • •’ 

8 Rickard®, J. Atner. Chcvi Soc., 1905*, 31 , 1275 ; Rickards and -les.se, ihidf, 1910, 32 , 
268; 1914, 36 , 248 ; Jin hards and Ruigi-ss, ibid., 1910, 32 , 431, Rnlmids, Rowe, and 
Burgess, ibid., 1910, 32 , 117o ; Richtrds ami Rowe, Znlnch, physdaf, c/tem , 1913 * 84 , 5§5, 

4 For details »>e the works already quoted, n*id standard jporks on heat 

B The definition of the unit of heat is discussed on p. 86; the precise temperature at 
which the caloric is defilted docs not really mutter as far as most therftiocliciuiea 1 . lesults arc 
concerned, since they are not yet known with great piecisiofi. 
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solution, the production of a solution of sodium chloride is Attended frith 
the evolution of 13- 7 Cals. If necessary, the precise amount of water used 
may be indicated, as in the following example:— 

[Zn] + 2HC1.400H 2 0 = ZnCLMOOH/) + (H„) + 36-6 Cals. 

It is usual to denote the state of aggregation of each substance, for which 
purpose, as indicated in the preceding examples, the formula) of solids are 
enclosed in square brackets (or printed in heavy type) and those of gases in 
<, round brackets, liquids and solutions having no brackets. This should always 
be done when ambiguity might otherwise arise. 

1 Unless the contrary is stated, the differences in intrinsic energies expressed 
in those equations hold good for the substances concerned at 18°. This is so 
with the examples already given. The heat of reaction varies with the tom* 
ptjrature, for the intrinsic energies of the initial and final systems are increased 
by rise of temperature, but not, in general, at the same rate. If the heat of 
reaction at tf C. is equal to q , and the mean thermal capacities of the initial 
and final systems between tf and tf arc and respectively, then the heat 
of reaction at «C is obviously equal to q + (jq - * 2 )($ 2 - *,)• Should any change 
of state occur between /, and t 2 , the latent heat of change of state must 
clearly he taken into consideration. ■» 

The difference, expressed in heat units, between the internal energy of 
the formula-weight in grams of a compound and the sum of the internal 
energies of its constituent elements in the free state is called the heat of 
formation of the compound. The heat of formation of the compound 
... is therefore the thermal effect, q of the reaction 


•i’A 4* •+• cC + . . . — A,B y a ... -t ■<] Cals, j 

for example, 

[<J] + 2[S]« CS 2 - 19*6 ( Ms. 

In general, rucli equations do not represent reactions which can he directly 
effected, and their thermal values are obtained indirectly by means of Hess’s 
Law. A compound is '.aid to be exothermic or endothermic according as q 
denotes heat evolution or heat absorption. Thus, carbon disulphide is 
endothermic, its heat of formation being -19*6 Cals. 

The notation already explained is due to Ostwald. Thomsen’s method 
is shorter, but the states of aggregation are not indicated by it. The 
formiVue of the reacting substances are written down side by side and 
separated by commas; the whole is enclosed in a square bracket and the 
products of the reaction are not indicated. 1 The preceding examples 
become:— 


[Zn, Cl* 
[HCl.Aq., NaOH.Aq. 

, la;, w, c ! ... 

1 4' 


= ‘(7 2 Cals.; 
= 13-7 Cats ; 
= '/; 


[Kn(II 5 , Ac, 
[I'm, 211(11 200H„<) 


= 15-0 Cals.; 
= 3(i'G Cals.; 
= - 19-6 Cals. 


Heats Of Formation. —It has been already stated that heats of 
formation are usually obtained indirectly. Two supple examples must here 
suffice to illustrate the method ; the principle is the same even in the most 
complex calculations. 

. It is not possible to determine directly the heat of formation of carbon 


1 For another system of notation, see l'ollok, Seventh Internal. Congress Apg>L Chtrrn ., 
1001), Section X., p. 03, " 
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monoxide, but the desired result is readily deduced from the following 
experimental data:— , 

|C] + (0.,)-(('0,) + <Hi-fl(l C;d-;. . . . (i.) 

((.'()) + (») ==<('(I.) + H7'«7 Cals.' . . . . (it) 

If the required beat of formation of the monoxide be ,r, then by IIcss’s 
Law (p. Hid), 

.r I- C7-6T -!)(»% 

*- 28-29 (His. 

• « i 

In fact, tbo tlujrnial equations may be ..objected to the usual algebraio 
processes, and the.dwired result follows immediately by subtracting (ii.) 
from (i.)'• 

[C]+(<))-(00) = 28 29 Chls. 
or [0] +■ (0) = (CO)+ 28-29 Cals. 

The beat of formation of carbon disulphide, impossible to m< 
directly, follows easily from the following experimental data: — 

(IS., + 3(0.,)= fit),,) + 2(S«.',) + 25S-73 Cals. . (i.) 

[0] + (0.,)= (COj '+ 00-9(5 Cals. . (ii.) 

*2[s] + 2iO:.) = 2(SOj +142-1(1 Cals. . (iii.) 

Adding (ii.) and (iii.) and subtracting (i.) from the result, 

[(1] + 2[S] - OS., - - 19-01 Cals. 
i.e. 0 [C| + 2[S] CS, -19 01 Cals. 

The preceding examples serve to illustrate another point. When an 
element occurs in allotropi'*forms, or a compound in more than one crystalline 
form, it is necessary to state which form is used, since the various forms ditl'or 
in their intrinsic energies. The magnitudes of thcjjo dil|yronees aro not 
dithcult to calculate; for instance— H 

[C] + (0 2 ) = (()(),) +96-90 Cals. 

ami>V(iltous ” • 

[C] + (0.,) =#).,) + 93-3G Cals. . 

graphite *" 

subtracting [C] - [01~ 3 6 Cals. 

amorphous gtapmte 

The prowling data refer to amorphous carbon and rhombic siupmir. 

The heats of formation of a largo number of compounds have been 
calculated/ They are of great use, since they enable«heats of reaction to be 
calculated. The simple rule is this: replace ea # ch formula in the chemical 
equation by the heat of formation of the compound with the sign changed. 
For instj nee, take the reaction 

:\\>h? + 2A1*= .U,S 8 + 3Pb '\-x Cals. 

The*lieats of formation ol'Kad sulphide und aluminium sulphide are 18*3 Cals, 
and 122*4 Cals, respectively; of aluminum and lead, zero. Hence 

- 3 x 18*3 + 0 =» -122*4 + 0 
# = 61*5 (Ails. 1 

1 Tables of data are to be found in Ostwald, opus cit ., TRomsen-Burke, opus cit., etc. 
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If, instead of using the rule, the calculation is made in full, it is* as follows 

lifAl] + :l|S] -[A1„S.,1 + 122yt this. 

:i| Hh] + :l[Sl --- ,*l[Pl)Sj + 5I'D Cals. 

Subtracting 2[A1J -.T[l'b] = [A1.,S 3 ] - 3[I*l>S]+67-5 Cals. 

i.e. . 3[1’bS] + -J[A1] = [A1 2 S s ] + 3[1*1»] + 67-5 Cals. 

Heats of Solution. —When h gram-molecule of a solute A is dissolved 
,.in a gram-molecules of water to fm;ni a saturated solution, the heat tone </„ of 
the reaction 

' [A, nH 2 0] = (/„ f 

is called tho integral heat of eolation of A. If more"solvent than this bo 
employed, say .'Ilf), the heat tone </,. will be different, but as x is further and 
further increased, the value of q t approaches a limit, since the further dilution 
of an already dilute solution has very little thermal effect. This limiting 
value, the heat of dilute solution '/ w , 

:a, v. no; 

is what is usually understood by the term heat of solution. f 

When tlifr solution A.fll/) is diluted with an indefinitely large amount 
of water, the heat tone of the reaction 

<* [AvT ll.,(), ooH 2 0] — - q t 

is called the heat of dilution of the solution A.dl., 0 . 'There is another heat 
of dilution, however, of importance in the thermodynamical ealcillations, namely 
dqjdx , the heat change when one gram-molecule l( of water is mixed with ail 
indefinitely large quantity of the solution AfJJ.,0. From what lias been 
already stated, f the yalue of this heat of dilution approaches zero as x 
increases. „ 

It is sometimes more convenient to express the heat changes when a 
variable amount of the ^plute dissolves in one gram^nolecule of water, thus 

„ [H 2 0, yA] = </, ’ • 

where y varies “from 0 to the value h corresponding to a saturated solution. 
When this method of expressing results is employed, the thermodynamically 
important heat ^f solution is that given by dfjdy — 

'f = [H.My\,d !/ A) 

and the value of this when saturation is reached is denoted hf (df/dy) b and 
called the limiting heat of solution. It''expresses the heat change that 
atter.ds the introduction of a gram-molecule of solute into an indefinitely 
large amount of solution when a saturated ablution is thereby formed . 1 
* Some Thermochemical Results.— Very few important theoretical 
conclusions have been deduced<from thermochemistry, despite the enormous 
amount of experimental data that has been accumulated. One or two 
important results may he noticed. 

‘ As* early as f 1840 Hess (p. l<|j 2)* observed that when .dilute aqueous 


1 tor tables of heats o£ solution, the woiks already cited must be consulted. 
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solutions of balta arc mixed, there is practically no thermal change, provided 
that no j recipitation or gaseous evolution occurs This is called# the Law 
of Thermo-neutrality of •sail solutions. For a number of salts, ejj. tho 
halogen salts of cadmium and mercury, a d< < '< v >t hold. A simple ex¬ 
planation of the law is given later (p. 2-0). 

The heats of solution of acids and bases in dilute aqueous solution aro of 
great interest. The following table contains a number of < \pcrimcntal 
results:— . • 


Reactio^. 

* float of 

Kent ulisat ion 

• 

Reaction. 

Heat of * 

, Neutralisation. 

N 

HCl + NaOH . 

” 

13 7 Cals', 

HCl + LiOll . 

.! 13 7 <’.ds. 

Hllr + NaOH . 

13*7 

HC1 + KOH . 

13 7 „ 

HNOy l NaOH . 

137 ,, 

IK31 + iRi(OII). . 

13 8 .0 

HIO. + NaOH . 

13-8 „ 

IK’l Mf’uf'onj, 

13-9 ,, 


The substances mentioned in this table belong to whaj are called the 
strong acids and bases (see Chap. VI.), and from the results given, it is clear 
that, m dilut# solution, the neutralisation of one gram-equivalent of a strong 
acid by a strong base always produces the same therinal*ehange. This 
regularity no longer holds when either the acids or the bases are weak, as the 
accompanying figures serve to show :— 


• 

Rouctum. 

Unfit of 

Nout lali sation. 

Roiiotioii. 

Heat of 
Noulmlisatiou. 

1K11 9 Nil. OH 

• 

12 "J C.ds. 

U'l.CO. iNH.Olt , . 

s 1 &ls. - 

ITCI I NIL OH 

9 *2 ,, 

■|,S9 '11,1(011),, •„ . 

7-8 „ 

UK + KOI! 

16*3 „ 

■ I.,S i Nil. Oil* . " . 

6"2 „ 

Ul a (X) :l , NaOIl 

101 „ 

HCJf + NiiOH . , ... • 

2-8 ,, 

— - - v , 


--- - - - -. 

_ 


Considerable differences are here noticed between the various values. The 
theoretical bearing of these results is given in (.’hap. Vi. * 

Thermoonemieal measurements ha\e been*used in. studying the basicity 
of acids and also their relative strengths. These applications also are 
mentioned in the same chapter. 

Chemical Affinity. 

The property of bodies in consequence of # whieh they undergo chemical 
change when brought into contact with one another is called chemical affinity. 
Since the operation of chemical atlinity is attended with the prod notion of 
energy, chemical atlinity may T>e regarded a*>a force, faille is known of the 
nature of chemical affinity, and at present it is not possible to give an accoiyit 
of* chemical change irt terms of the operation tf definite physical forces. 
There are, however, good reasons for supposing that the chemical forces 
which hold together the utonyi in a molecule have only a very short range of 
effective actjpn, their intensity diminishing very rapid fy as the distance 
between the atoms increases. • * 

Although the nature of chemical affinity is still dbscure, considerable 
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progress lias been made in the study of its mode of operation. The laws 
which describe the influence of temperature, pressure, eoncentrition, etc., 
upon chemical change arc fairly well understand, 5 and are dealt with later in 
the present chapter. , 

The views on affinity held during the eighteenth century may lie 
indicated by reference to" the tables of affinity, constructed originally by 
Geoffrey (17,1 8) and extended considerably by Berg maim. 1 For each 

substance a table ofoiffinity was constructed, in which other substalicos were 
arranged in order of decreasing affinity for the particular substance in 
question. The interpretation of clnmical change adopted in the construction 
of those tables was this: if a substance A reacts upon a substance BO with 
' the result that AH and C are produced, then the affinity of B for A is greater 
than the affinity of B for 0. 

Bergmann gave two tables of affinity foweach substance, one “in the dry 
way” and the other “in the wet way,” since ho recognised that the results 
obtained in these two ways were sometimes different; and Stahl (1720) 
recognised cases in which the relative order of affinities was altered by 
temperature. Apart from this, however, it was supposed that the chemical 
affinity of a change depends simply upon the nature of the substances con¬ 
cerned, and that a change proceeds to completion in the direction of the 
stronger affinity, ejj. in the case already mentioned, the stronger affinity of B 
for A overcomes the weaker affinity of li for C. • 

The insufficiency of this viovjjSpw recognised by Berthollet," who showed 
that,many chemical changes winch at that time were supposed to proceed 
exclusively in one direction Cfjuld lie reversed, <• y. that, although baryta and 
potassium sulphate react to produce barium sulphate and potash, it is possible 
to'cause the two last-named substances to react with the formation of the 
Substances first mentioned. ReHhollcjl clearly poiiMcd out that the direction 
in which a change proceeds depends not only upon the nature of the substances 
concerned, but alwi up<to their relative “quantities,” and regarded a chemical 
change that proceeds to completion as being an exceptional and not-a normal 
case. lie did not succeed, however, in arriving at the correct estimate of 
chemical “ quantity,” awV since he also disputed tliti validity of the law of 
fixed ratios (vide Chap. I.), his views met with little ‘ support. Later the 
“ influfuce of mass ” was recognised by Hose, 3 Mali guti, 4 Wilhelmy, 6 Gladstone, 11 
Berthclot and P?an do St Cities/ and others, but it was due largely to the 
work of Culdberg and Waage 8 that this influence received mathematical ex¬ 
pression; in their formulation of the Law of Mass Action. In the subsequent 
development of the subject the application of the laws of thermod,somics 
lias proved of the utmost value. 5 , 


1 Berginann, De. Atlmelionihus'Elatin's (Ujisala, 1775); English translation, 1785. 

2 Berthollet, Essai de Slntique Chinns (Palls, 1801-2) ; EngK'sli translation, 1804. 

3 Rfise, Poijg. Animlen, 1842, 55 , 415 ; 1851, 82 , 615 ; 1855, 04 , 481: 1855, 05 , 96, 284, 

426, 1 <■ , 11 1 

, * 3taW;uti, Ann. Ciitm. Phi/s , 1857, (iii ), 51 , 328. *■ 

1 B Wilitflmy, lisjij. Annaten, 1850, 8 i, 413, 499. , 

■ B Gladstone, Pint. Trans., 1855, I 4 g, 179 ; Trans. Chem. for., 1856, 9 , 54. 

7 Berthclot aud Pcan de StGillcs, Ann. Chim. /'Avs,,1862, (iii.), 65 , 385 ; 66 , 5 ; 1863, 

, 68,225. , . 

‘ 8 , G Jberg and AV'ange, Etudes sur les afmiUs^himi^ves (Christiania, 1867); J. prakt, 
Chem., 1879, (ii.), 19 , C? ; Ostwdd’s Kkmihr, No. 104. ' 

0 For aifinccjinnt of tin- historical development of this part of thy subject, the reader is 
referred to tVSvorks cited on u. 169, » 
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The study*of thermochemistry is associated with what was, in effect, a 
revival of the old view of affinity as propounded by Herrmann, hi 1854 
J. Thomsen J put forward tfie principle that “every simple or complex effect 
of a purely chemical nature is accompanied by produ ,..on of heat.” Later, n 
similar “ law ” was enunciated by IWthclot 1 2 under the name of the “law oj 
maximum m»i\” lb may he stated in the form that “every chemical change 
accomplished without the addition of external energy tends to t»e formation 
of that body or system the production (*f which is accompanied by the 
development of the maximum quantity of heat.” This so-called law cannot lie 
accepted as a law of Nature* but only as ait approximate rule, for although it 
is true that at owlinary temperatures the majority of chemical changes that 
take place are exotliv jjA io, yet at high temperatures endothermic bodies can 
be formed by the direct union of their elements, and further, it is impossible 
by this law to account for the occurrence of reversible reactions. 

In fact, the condition 3 that a physical or chemical change may take plafc 
in an isolated system is not that an evolution of heat shall occur, hut that the 
entropy of the system shall ho thereby increased. When an isothermal 
change is considered, and not change in an isolated system, the necessary 
condition for change to proceed is that the thermodynamic potential at 
constant volume shall he diminished by the process. This function, which is 
also known as the free entryy of the system, is such that, in :*n isotherma 
change, the change in the free energy of the system measures the maxiunm 
amount of work that can be gained by the change (i.e. the work gamed whci 
the reaction proceeds isothormally in a thermodynamically roverstbh 
manner). The changp ill free energy may therefore he looked upon as t 
measure of the work accomplished by the chemical affinity' opeiutivo ii 
producing the ch.mget For the measurement pf chemical affinity m terms o 
free energy, however, th(?*reader inns* he referred to works on physica 
chemistry. 4 

CHKMrcAij Equilibrium. 5 

Reversible Reactions. — When calcium carbonate is heated to i 
(constant) high temperature it decomposes into cateium oxide and carboi 
dioxide, and if the cap' riment is effected in an open vessel the carbon dioxkh 
diffuses away into the air and .filer a sufficient length of time the decomposi 
tion is complete. The case is different when the decomposition is carried oul 
in a. closed vessel so that the volatile product of the change cannot escape 
Under those, conditions chemical, change proceeds as usual* but eventually 
it ceasfWTOid in general 0 the cessation of chemical change sets in while then 

1 Thomsen, Pot/q. Annalenf 1854, 92 , 34. 

2 Beithelot, opus, cit (p. 162); CpnyL rend* 1 SG 7 . 64 , 413; 1870, 71 , 303; Ann 
Chim. Phys. , 1869, (iv.), 18 , .03. 

3 Derived fiom thermodynamic considerations. u • • 

* E.tj. Nernst, Theoretical Chemistry, tiaiislatcd by*Tizard, 3idT«glish edition (Mac 
millan k Co., 1911); Applications of Thermodynamics to Chemistry (Sciibncr k Sobs, Nev 
Yorlcj 1907); also Planck, Thermodynamics, Inundated by Ogc (Longmans & Co.^. 1903). 

5 ’ For a full account of the subjects discussed in tin? remainder of this chapter the readei 
is referred to the following works: Nernst, Theoretical Chemistry, translated by Tizard, 3rc 
edition, 1911 ; Yan’t IIMf, Lectures $11 Theoretical and Physical Chemistry, translated bj 
Lehfeldt (Arnold, 1899); Van’t Holf and Gulfen, Studies in Chemical Ifynamics, translate 
by Ewan (William* k Norgate, 1896); Mel lor, CtemicU States and Dynamic (Longmans 
k Co., 1904); and the wqj-ks cited on p. 177. , 

® Provided the quantity of carbonate taken^ioes not fall l^elow a certain nnniimim. 
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is still present unchanged calcium carbonate. The quantities of calcium 
carbonate, carbon dioxide, and calcium oxide present in the system then 
remain unchanged and independent of the ti'mef and a state of equiWmum 
is said to have been reached. 

This result is explained when it is recalled that calcium oxide and carbon 
dioxide can unite to Ibrrn calcium carbonate, and accordingly do so as soon as 
they are prxluced by the decomposition of calcium carbonate. Thus two 
changes go on, one of which ate. first partly, and eventually wholly, undoes 
the work of the other, and a state of balance is at length reached. 

Chemical changes liko the preceding are tailed balanced or reversible 
reactions. Many decompositions are reversible, as lias been already mentioned, 
and reversible decomposition is known as dissociati<?h„(-p. 160). Reversible 
changes are frequently encountered, however, in other types of chemical 
reactions. For instance, the change 

BiCI s + H 2 O^BiOCl + 21IC1 

is reversible. The continued addition of water to bismuth trichloride leads to 
the precipitation of more and more bismuth oxychloride until eventually 
the bismuth is practically all precipitated. On the other hand, the addition 
of more and more hydrochloric acid to bismuth oxychloride leads to the 
reverse change, the whole of the oxychloride eventually passing into solution. 
The reaction 

2 SI,()1 3 + 311 2 S~- Sb,Sj + 611 Cl r 

furnishes another example. The passage of hydrogen sulphide into a solution 
of antimony trichloride in dilute hydrochloric acid leads to precipitation of 
antimony trisulphide ; but the last-named substance passes into solution 
when warmed with concentrated hydrochloric acid 1 ,' and hydrogen sulphide is 
evolved. There are, however, many reactions which apparently are not 
reversible, e.(j. r the ilnion of aluminium and oxygen, the decomposition of 
ammoniurn'hrtrite into water afid nitiogen, etc. * 

The solution of metals in acids was at one time regarded as a type of 
irreversible reactions, lint Ipatieff’ and Wercbowsky 1 c showed in 1909 that by 
subjecting the aqueous solutions of certain metallic st’lts to high pressures 
of hydrogen gas at slightly raised tempcraftiros, the metalcould be pre¬ 
cipitated out of solution. Hence the apparent irreversible nature of such 
reactions as 

Zn + II 2 S0 4 -ZnS0 4 +II., 

under ordinary conditions is attributable to the fact that one of the products, 
namely hydrogen, is removed from the sphere of action. « 

Chemical equilibrium, loke physical equilibrium', must be looked upon as 
dynamic , and not atf static equilibrium. The equilibrium between liquid and 
vaffouy at .constant temperature, for instance, is looked upon as being the 
result.of two ehaftges which ail’ proceeding at equa] rates—viz. the evaporation 
* of liquid and the condensation of vapour, the one undoing the work of the 
other. In the same wa.% two reactions arc still to*bc regarded as proceeding 
when a chemical equilibrium is observed and all change has apparently ceased, 
only J.he reactions proceed at cqual # rates land are mutually antagonistic, 
{hiring the period priding th% establishment of equilibrium, then, the 


Ipat ief&and Werchowsky Ber., 1909, 42 , 2078. 
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observed chaifgc must be attributed to the fact that the speed ot the initial 
(forward) change is greater than that- of the reverse change. As time goes 
on, however, the speed of the forward change diminishes, or that of the 
reverse change increases, or both of these occur, an 1 eventually the forward 
and backward changes proceed at equal rates. Shire increase and decrease 
of speed on this view are associated with increase and decrease of concen¬ 
tration of the starting materials J respectively, some eoniiectH.il may natur¬ 
ally be supposed to exist between the sate at which* a chemical change 
is proceeding at any moment and the concentration of the reacting 
materials at that moment* This conclusion is homo out by experiment, a& 
will be seen late*. 

The idea that ch^iflical equilibrium is dynamic was originally proposed by 
Williamson 2 in his classic researches on etherification, but its acceptance as 
an adequate interpretation of the nature of chemical equilibrium in general 
only came after the work of Clausius, Maxwell and others had led to 4ho 
development of the Kinetic Theory,, and thereby enabled a mental picture to 
be drawn of the nature of chemical change. The application of the Kinetic 
Theory to the interpretation of the nature of chemical change was first made 
by Pfaundlor 3 in 1867. * 

Homogetjeous Systems; The Law of Chemical Equilibrium.— 
The homogeneous ymeons systems will be dealt with first. ^Suppose that 
n v n?< 3 . . . molecules of the gaseous substances of molecular formula? 
A, 11, (J . . . respectively react to produce wq, iw s . . . molecules of the 
gaseous products of the formula' I’, q>, U . . . 

?qA + ?f.l! + ?q(J + . . «f J l > + «i ( ,Q + wq,R+ . . . 

Then, at constant temperature, the relational ip between the concentrations 
of the various substances concerned i.i the equilibrium may be expressed in 
the following manner:— „ 

j;a]"- x LK|"x [«_']" r x... “ y 

where a formula ei^cbscd m square brackets indicates the concentration 4 of 
the substance of that formula when equilibrium is reached, and K is a 
constant, kianvn as the equilibrium constant. •This equation constitutes the 
law of chemical equilibrium. It can be deduced thermodynamically for a 
system comprised of perfect gases, and may also be % irrived **t from 
considerations based upon the kinetic theory. 

llio meaning of the law may be explained by reference to one or two 
examples. At temperatures above 180°, hydrogel^ iodide Is observed to 
decompose i«to hydrogen and iodine. Since at these temperatures, hydrogen 
and iodine unite to foim hydrogen lodideAhe effange is # a reversible one— 

o}1J^H,+ I 2 . 

____ “ • 

^..c starting niuterial&Jin' the reverse change, are the final products of Jthe forwaftl 
change, and the speed of a chemical reaction is inclined by the rate at whiclt the starting 
materials disappear. 

2 Williamson, Anftalen, 1851, ft, 37 ; Ah mbit' Club Jlrpriuts, No. 16. 

3 Pfaundler^o^. Anvalen, 186/, • 

* Concentrations are usually expressed in*grant-molccftles per c.c. orj>er,litre. The 
concentrations are obviously proportional to the respective p.ytial pressures of the 
substances. 
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•If, then, hydrogen iodide is maintained at a constant temperature above 180*, 
e&y at the boilmg-point of sulphur (445°), in a closed vessel until equilibrium 
is established, the following relationship holds good:— 

'■ [it|x[y/[inp=K. 

An interesting result at once follows. If a, b } c denote the number of 
gram-molecules of hydrogen, iodine and hydrogen iodide in the system at 
equilibrium, and V denotes the total volume, 

[UHv'v, =■- <yv, fin:-, v, 

and the preceding equation becomes 

abjc 2 - K. 

Expressing the result in words, the state of equilibrium is independent of the 
volume (and therefore the pressure) of the system. That such is the ease 
has been shown experimentally by Bodenstein . 1 

At the boiling-point of sulphur, Bodenstein found that equilibrium was 
reached when’’ 22 per cent, of hydrogen iodide was decomposed; lienee 
a : b : c :: 11 : 11 : 78, and K = 0*01984. It is now possible to deduce 
beforehand the state of equilibrium attained when hydrogen* and iodine are 
brought together in any ratio at the boiling-point of sulphur. If for each 
gram-molecule of hydrogen taken, d gram-molecules of iodine are taken, and 
2 e gram-molecules of hydrogen iodide arc produced before equilibrium is 
reached, the amounts of hydrogen and iodine left uncombined are (1 - e ) and 
(d-d) gram-molecules respectively, and 

(l - c)( f - - e)/(2c)- = 0 01984. 

Hence, from the known value of the value of 2e may be calculated. The 
results calculated in'this manner agree very well with those obtained 
experimentallys,as the following numbers serve to show (Bodenstein, £ x\ n't.) :—- 


Hydrogen 

Taken. 

Iodine. 

f lydiog 

n Iodide. 

« 

«i 

Taken. 

Found. 

Calculated., 

‘8 10 

a-91 

5 *<54 

5*66 

7-94 

5-80 

9'49 

9-52 

8 07 

9 27 

13 47 

13-34 

•• 8T‘2 

14 ‘44 

14'93 

14-82 

8-02 ‘ 

27'53 

15 54 

15 40 c 

7'89 

^33*10 

15-40 

V 

15-12 

A 


For 6 aoh experiment cited in the table, the vumbers given under hydrogen, 
iodine, and hydrogen iodide arfc proportional to tht initial concentrations of 
the first two substances and the equilibrium conduit rat ion of the third, (its 
initial concentration being zero).'' 

For the dissociation of nitrogen peroxide— % 

' ' “ ‘ t N 2 0 4 r^NO a , 


1 Bodensteiu, Zeit&ch. physikal. Chem., 1897, 22 , 1. 
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the condition of equilibrium at constant temperature is 

♦ [NOJVINAl-K. 

If, then, a and b denote the numbei; of gram-mok *ulos of NO. and N s 0 4 
respectively w hen the system is in equilibrium, apd V denotes the volume, 
the equation becomes 

« 2 //,V- K. 

• 

Hence, in this case, the state of equilibrium varies with the volume. 1 
Clearly, if the volume is increased, then u*nmst increase and b dnuinish in, 
order that the expression a 2 jbV shall remain constant; m uiher words, tho 
degree of dissociation nitrogen peroxide is increased by increase of volume. 
The degree of dissociation may be readily calculated from the observed 
density of the system, and tho results obtained are in satisfactory accordance 
with the requirements of the law of chemical equilibrium {vide supra, p. 14*1). 
The dissociation of phosphorus pentachlorido 

rCl.,^—L’Cl { + 01 2 

may be similarly treated. The condition of equilibrium is that* 
L»’ci,|x[ai/[M S ]=.K. 

• 

Suppose, now, that into the system (in equilibrium) an excess of chlorine is 
introduced and the system brought to its original volume The result is 
easy to foretell. Since [C1J has been increased, it is clear that the only way 
in which the expression on the left-hand side of the latter equation can 
maintain its former value is for [PC1 8 J to diminish and [PCbJ to increase. 2 
Tho general result which this illustrates may be expressed in words as 
follows: —The degree of dissociation of q substance is diminished by increasing 
the concentration of one of the products of dissociation. • 

. Passing from gaseous systems to the consideration of* equilibrium in 
liquid solutions, it may be stated that the sa«ic law of chemi^il*equilibrium 
holds good for these equilibria as holds for gaseous equilibria, provided that 
tho osmotic pressure of each of the substances participating in the equilibria 
follows the laws of©Bbyle and (lay hussac. The thermodynamic proof was 
given by Van’t Ifoll*, 3 and the restrictions under which the proof holds*good 
limit tho exact application of the law of chemical cquililTnmn to dilute 
solutions. 3 

As an example, the dissociation of nitrogen peroxide mtfy he referred to 
again.*- This change occurs not only in the gaseous state, but also when the 
peroxide hfe dissolved in a solvent upon which it has no chymical action. 
From measurements of the degree of dissociation of th® peroxide in chloroform 
solutions of Varying eotfCrntration, 0 it lias Lieqp shown 6 that the law of 
chemical equilibrium saHsfaclonfy expresses the results. 

Heterogeneous Systems; Extension of Law of # Chemical 
Equilibrium. —ft is possiblo t<? extend the Uw of chctlliwil equilibrium to 


1 This is the ease whenever the change leads to an alteration in the total number of 
molecules present. 

B Increase in one of these conc(*litr<itioi^a necessitates a decrease in the other, from 
chemical consultations. • * 

s Van’t Hoff, K. Svenska Vct.-Akad, Hanoi., 1885, 21 ,^ 8 ; Zctlsch. phpnlal, Chcrn,, 
1887, I, 481 ; l'hil. May, 1888, [v.], 26 , 81. 1 Cf. Chap. yi. 

Cundall, Trans. Chem. Soc., 1801, 59, 1076. 6 Qstwald, ibid., 1892, 81 , 242. 
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the liquid and gaseous phases of heterogeneous systems. For example, 
consider the reaction 

CaCl),—CaO + (!o a ' 

taking place at constant temperature in a closed vessel. The system consists 
of two solid phases and a gaseous phase. Now every solid may be regarded 
as possessing a vapour pressure (sublimation pressure, vide p. 46) } although 
it may be too small to admit of euperimental determination, and at constant 
temperature the vapour will be in equilibrium with the solid at a definite 
‘pressure, which cannot vary so lon^ as solid phas‘e is present. Accordingly, 
f in the equilibrium equation for the gaseous phase— 


[CaO]. L< ’0 2 1 

[ra(JU 3 ] 


= K, 


c- 

tho concentrations [CaO] and f(*a('- 0 3 ], which teprcsenl concentrations of 
saturated vapours at constant temperature, are constant quantities. The 
equation therefore reduces to 


[(JO.,] = constant. 

In other woi^ls, to each temperature there corresponds a definite partial 
pressure (or concentration) of carbon dioxide at which'the gas is in equilibrium 
with the two solid phases. This pressure is practically identical with the 
tota*l pressure of the gaseous phase, and is called the dissociation pressure. 

From the preceding discussion it is easy to see that the following general 
rule may be stated for arriving at the condition of equilibrium in a hetero¬ 
geneous system of solid and gaseous phases at constant -temperature. Write 
down the left-hand side of the equilibrium cquatiolY given on p. 171, omitting 
all factors that refer to substances present as solid phases; the expression so 
obtained lias a^constfint value. For instance, the dissociation of solid 
ammonium hydrosuIphido * 


f NH 1 HS^=pN!I 3 + IIjjS 


leads Jo the condition of equilibrium 

[N'fl;,]. [ 11,S] .=. constant, 

which hus been shown experimentally to be the ease . 1 2 

Equilibrium in other heterogeneous systems can he discussed in ^^juaimer 
similar to the above." 

Heterogeneous Systems: the Phase Rule.-— The conditions of 
equilibrium in a heterogeneous system may be expressed in a manner,quite 
independent of the atomic and ntolecular theories by means of the Phase 
Hide. This rule, which applies to both chemical and physical equilibria, 
was deduceck’theripolynamically by Willard Qibbs in 1874, 3 but its practical 
applications were first made by Roozeboom. * 

* The equilibrium in a, system is described by fcbr Phase Rule in terms of 
the number of phases, components, and degrees of freedom of the system. 


1 Jsambert, Compf. rend., 1/181, 9 a* 919 * 1881/93* 731 ; 1882, 94 , 958* 

2 Sec NenAt, Theoretical Chemistry, translated by Tizard, (Macmillan & Co., 3rd 

edition, 19pl), Book III., chap. lii. # 

3 Willard Gibbs, Trans. Connecticut dead., 1875-8, 2 and 3* 
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The meaning of the term phase has already been given (p. 6 ) and is easy 
to understand. It is rather more difficult to understand the moifning of 
the term “component,” sfticc by the components a ° not understood the 
constituents of a system. Jt may b<* said at once Hnat the components of 
a system may bo chosen in more than one way, but it is only their number 
that is of importance. . The number of component. * of a system is the least 
number of constituents, the quantities of which are independently variable, 
in terms of which the composition of cacfl phase may be expressed . 1 For 
example, consider a saturated solution of sodium sulphate in equilibrium « 
with vapour and the solid clecahydrate Ka*SO r I GIRO. The number of com-"* 
ponents is two. * The anhydrous salt Na.StR and water may bo chosen, 
since the amounts oi those substances in the system are independently 
variable. In terms of these substances the composition of each phase 
may be expressed. The solid phase is Na.SO, + 1011,0, the liquid phase 
Na i S()j + .i , ll ; ,(>, and the gaseous phase, OXa^SO, + ll 2 () (zero and negative 
amounts are permissible when expressing the composition of a phase in 
terms of the components). 

The Phase Rule applies to systems in which equilibrium, is dependent 
only upon the variables (i.) temperature, (ii.) pressure, and (ni.) composition 
of tho phases. #Tlie least number of these variables which must lie arbitrarily 
fixed in order that the condition of a system may be perfectly defined, is 
called the number of cteyrees of freedom of the system. For instance, take 
the system watef in contact with its vapour. If the temperature is 
arbitrarily chosen to have a certain value, the system is perfectly defined. 
Equilibrium is then possible only at a certain pressure, determined by tho 
system itself, either evaporation of water or condensation of vapour occurring 
until this pressure, tlfc vappur pressure of waier at the particular tempera¬ 
ture chosen, is reached. lienee the system has one degree of freedom. 
Systems with 0, 1, *J . . . etc., degrees o * freedom are saidjto be invariant, 
‘univariant, bivariant. . . . etc.- * 

Tho Hia-ic Rule states the condition of equilibrium in a^ieterogeneous 
system as follows : — 

P+F = (J + L\ 

where P = number of phases, F = number of. degrees of # freedom, and 
(J — number of components of the system. * 

The application to systems of one component may ho briefly oyfdined. 
Here each phase has the same chemical composition, and fieneo change of 
compqtR»tAi does not enter into the discussion. Two phases in equilibrium 
constitute * nuivariant system, and hence if cither tho temperature or the 
pressure be arbitrarily maintained at a constant value there will be a 
corresponding value of the other variable f<y the system to be in equilibrium. 
Roth values cannot he ,rbitratift chosen; one being chosen arbitralily by 
the experimenter, the appropriate value of the other is chosen by £hc system, 
so \o speak. Thus, in the system / a/uid -• vapour, rom'tfponding tp ofech 
temperature chosen there is a definite pressure, characterised by the* 
particular system under investigation, at which eifuilibrium occurs. This 
is the vapour pressure of the liquid (seep. 31). For the system solid - vapour 
in equilibrium,.therS is likewisc*a definite equilibrium pressure corresponding 
to each temperature, viz. the suhhmatiop pr«ssure # (see p. 16 ). Jhi the case 

* • 

* Trevor, ibul , 1902, 6 , 136. 


1 Sec Trevor, J. l’hysiaU Chcm., 1896, i, 22. 
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of the system solid-liquid, the interpretation is that the temperature of 
equilibrium, or melting-point of the solid, varies with the pressure \seo p. 43). 
It is further possible for systems solid - solid* to occur, c.g, rhombic sulphur- 
monoclinic sulphur, Wiich are in equilibrium at the transition-point 
(see p. 69). The system ,being univariant, the transition-point must vary 
with the pressure, 

When thfee phases are present in equilibrium, the system is invariant. 
Accordingly the equilibrium is ohly observed when the temperature and 
( pressure possess certain fixed values, defined by the system itself. That 
'is to say, the values may be experimentally determined, but neither of them 
can bo arbitrarily selected. Such a system is said lo f be at the triple point, 
and the equilibrium temperature and pressure are referred to as the triple 
point temperature and pressure respectively. The three phases solid-lvjuid- 
jvaqfour arc in equilibrium at the triple point in the case of a substanco that 
forms only one solid phase and one liquid phase. On a pressure-temperature 
diagram the conditions of equilibrium in univariant systems arc represented 
by curves, as, for example, the sublimation curve and the vapour pressure 
curve. The ti;iple point in the system solid - liquid-vapour is represented by 
the point of intersection of these two curves (sec p. 47). 

Other invariant systems are possible, such as solid phase <1 - solid phase 
B - vapour, win' n the substance is polymorphic, and with substances which 
exist in two liquid phases (liquid crystals), invariant systems such as liquid 
phase A - liquid phase II - vapour are possible. 1 

The systems of which sodium sulphate and water are the components 
furnish simple examples of two component systems. ♦Since a single phase 
in a two-component system has three degrees of freedom, tho composition of 
a solution of sodium sulphate*does not possess definite value even when 
both temperature and pressure are ffccd, but may be varied at will between 
certain limits. When, however, Another phase is also present, say tho 
dccahydrate Na^S0 4 .luH 2 0, the system has only two degrees of freedom, 
and having fix&l the value of the pressure, the state of the Nystcm*.W?/^rm- 
decahffdrate is fixed as soon as either the temperature or the composition of 
the solution is specified. When tho temperature is giycti, there is only one 
composition of solution for the system to be in equilibrium, and, conversely, 
if the composition of the solution be defined, {here is only ony temperature 
at which this solution can exist in equilibrium with the dccahydrate. Such 
a solution is sakKo be saturated at the particular temperature and pressure 
in question, and it is therefore seen from this example that the term 
“saturated solution” only acquires a definite meaning when the*nttCure of 
the solid phase in contact with the solution is specified. Arf' has been 
previously remarked (p. 110), at a definite pressure and temperature and in 
the absence of the solid phas<., a solution may contain more sodium sulphato 
that the solution in'equilibrium with the solid ph‘ase, the solution being 
fcermld.“supersatut 3 itod.” Yet a solution fuperskturated with respect „to 
the tlec».hydrate lfiay still bo ihisaturated with respect to the heptahydrate 
ffa 2 S0 4 .7JI 2 0. ^ ;• 

When'sodium sulphate dccahydrate is heated to 32 4° it decomposes into 
anhydrous salt and water— , 

* ' * Na 2 ^0 4 .10H 2 0=f^iN T aVS() 4 + 10H 2 O, 


F<»r tha latter, 8 ee 4 ilulett, Zcitach. physikal. Chem., 1899, 28 , 629. 
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and during tKe change the temperature remains consume. XU ID IO " i I fit 
would bo expected from the Phase Hide. The system devahydrate - anhydrous 
8(dt - saturated solution is daily univariant, and hence at a definite pressure 
arbitrarily chosen (atmospheric as a,rule) equilibria occurs only at one 
particular temperature and with the solution at one particular concentration. 
This transition-point , however, varies with the pressure. The system 
dr.cahydrote - anhydrous salt - solution-vapour is invariant, and <un only exist 
therefore at fixed values of temperature and pressure, denned by the system 
itself, and not capable of being arbitrarily selected. 

The fact that the solubility curve of* sodium sulphate consists of two 1 2 
parts, intersecting at a sharp angle, is easy to understand from the preceding 
discussion. The twojffirts of the curve represent conditions of equilibrium 
in the two systems decahydrdte - solution and anhydrous salt - solution re¬ 
spectively, at atmospheric pressure, and intersect at a point which gives the 4 
equilibrium temperature and composition for the system decahydrafU - 
anhydrous salt — solution at atmospheric pressure. 

In the light of the Phase Rule, the dissociation of calcium carbonate is 
easily discussed. The dissociating system is one of two components and 
three phases (two solid, one gaseous), and hence is univarfant. At any 
temperature arbitrarily chosen, therefore, equilibrium obtains at one 
particular pressure only. The result thus deduced agrees with that 
previously arrived at in'another way (p. 174). 

Oonsidorations* of space prevent a more detailed account of applica¬ 
tions of the Phase Rule from being given, and reference must therefore 
be made to the textbooks 1 for further information. Owing to the . 
rather abstract nature of the subject, however, au example may be 
given to illustrate the maimer in which the # Phase Hide proves of servico 
to the chemist. '* 7 

It was discovered by Weyl ' l that sod in pi and potassium disSolve in liquid 
.ammonia, forming very remarkable solutions. When tlilute # they are blue; 
the concent rated solutions exhibit metallic reflection and appear bronze- 
coloured anil opaque. In studying these solutions, .Joannis a considered that 
he had isolated the .solid impounds NaNlIj and KIs*II 3 from them. Briefly, 
he observed that, «at constant temperature, the pressure in the system 
solution*- vapour fell as ammonia was withdrawn, until a solid was pre¬ 
cipitated. This solid appeared bronze-coloured by reflection. Thereafter, 
although ammonia was continuously withdrawn from the systgn, the 
equilibrium pressure remained constant, until only the system/m? metal - 
ammon '.. ’J as waH left. The free metal appears white by reflection. .loannis 
explained ^lie results as follows. The pressure remains constant at the 
vapour pressure, of the saturated solution from the fhoment that the com¬ 
pound is precipitated untfl the continued vrithdrgwal of ammonia causes the 
phase solution to disappear. Tlicf compound then dissociates into metal and 
ammonia at a constant dissociation pressure, which is c<jnal to the jmqiour 
pressure of the saturated solution, and hence only one equilibrium pressure 
is observed in the experiment. 


1 Banciui't, The 1'httsc Rule (Cowell Umvwsity, Now York, ISM); Roozeboym, Di 
hderoycnen Qlcichacwichte win Stnndpun '/ctUVr Thasenlehrr (Bimiswitk, 1901); finding, 
The Those Rule and its Applications (Longmansfli Co* Uni edition, 1911 j. 

2 Weyl, Potnj Annahyi, 1861, 121 , 601. 

' 3 Joannis, Conipt, rend., 1889, 109 , 900. 
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’* Roozeboom 1 pointed out that tho assumption made by 0 Joannis with; 
regard to pressures was unnecessary, since an explanation was supplied by 
the Phase Rule. The system compound - metal - solution - vapour would be 
invariant (2 components, 4 phases), and only exists at a single temperature 
•and pressure. At this invariant-point temperature, the uuivariant systems - 
. compound - solution - vapour and compound - metal - vapour would have the 
same equilibrium pressures. Honeo Roozeboom suggested that Joannis had 
carried out his experiments in each case at tho invariant point temperature. 
Joannis showed, however, that the phenomena lie described were noticed at 
a series of different temperatures. - This proves' conclusively that no solid 
compounds arc precipitated, only one solid phase ever being present, and. 
that being, as was clearly seen towards the end of an experiment, the metal 
itself. In short, the divariant system solution - vapour exhibits, at constant 
temperature, a variation of vapour pressure with variation of composition of 
shiution. With the precipitation of metal, a univariant system metal-solu¬ 
tion - vapour is obtained, and accordingly at constant temperature the system 
exhibits a constant vapour pressure during the withdrawal of ammonia until 
the phase solution disappears and the divariant system metal-gas is left 
behind 2 The “bronze coloured compounds? are merely free metal covered 
with a layer of saturated solution, the surface tension between solution and 
metal being,extraordinarily great. It has, in fact, been clearly shown that 
when the system contains considerably less than one gram-molecule of 
ammonia to one gram atom of sodium the liquid phase is still present. 3 4 

Displacement of Equilibrium.—-When a system is in equilibrium, 
and one of the factors of equilibrium (temperature, pressure, etc.) is altered, 
the state of equilibrium is disturbed and change occurs in the system. For 
instance, in the case of the system CaCO^ - Ca-0 — CC.^ which at a definite 
temperature is in equilibrium at one particular pressure, if the temperature 
or the pressure lie altered, then,, according to circumstances, either more 
carbonate dissociates or else combination of its products of dissociation pro¬ 
ceeds to tints > extent ; and in this instance, if either of the factors of 
equilibrium is made to assume permanently a new value while the other is 
kept fixed at the original equilibrium value, the change within the system 
continues until one of the phases disappears. A new .date of equilibrium 
can, however, |>e established if tho second factor of equilibrium be likewise 
allowed to change. In the case of an invariant system it is, of course, 
impossible to alter permanently any one of the factors of equilibrium without 
causing tho disappearance of at least one phase, since there is but one set of 
conditions under which equilibrium is possible. ' 

The direction in which change proceeds when a system in equifibrium has 
one of the factors of equilibrium altered may be predicted by the application 
of I.e Chatelier's Theorem J Tliis„is stated by Ostwald in the following form 
If a system in equilibrium is svtjeeled to a constraint by scinch the equilibrium 
is shifted, a reaction- takes place which opposes the i-onstraint, i.e. one by which 
its effeft is partially destroyed, Bancroft’s statement is that any change in 
*the factors of equilibrium from outside is followedby a reverse change within 


1 Roozeboom, Corrupt, rend., 1890, IIO, 134. 

a Rnfl'and Gcisel, tier ., 1906, 39 , 828 ; Kraus, JAAmcr Chim. Soe., 1908, 30 , 653. 

3 For tho necessary modification,, of tlio l'liaM? Kale when applied to divided systems, 
e.g. colloidsee Tolnun, J. Amer. Chcni. tivc., 1913, 35 , 807, 317 ; cf. I’avlow, Zettsch.; 
vhysikal Clinn., 1910, 75 , 48. 

4 LeOhatelicr, Compt. rend,, 1884, 99 , 786 ; Biaun, Wud. Aunalen , 1888, 33 , 387- 
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tne system. To continue with the illustration already chosen, supposo that 
heat is supplied to the system and its temperature thereby raised? The 
change that occurs must efther be the dissociation • the rc-furmation of 
calcium carbonate, and according to th/3 theorem quoted that change occurs 
which absorbs heat, viz. the dissociation of the carbonate. On the other hand, 
if at constant temperature the pressure upon the system is incre. -cd, change 
proceeds, according to the theorem, in the direction whicji diminishes pres¬ 
sure, i.e. in the direction associated with contraction in volume. Accordingly, 
the quantity of carbonate increases at the expense of the quicklime and 
carbon dioxide until the pressure of the latAir falls to that of the dissociation 
prossure. * 

Again, consider tl;e system solid - liquid in equilibrium at a definite 
temperature and pressure. An increase of pressure favours transformation 
into the phase possessing the smaller specific volume. Hence either liqiii^ 
freezes or solid melts according as the solid expands or contracts on melting. 
The first is the more usual case, and the process of freezing being associated 
with an evolution of heat, equilibrium will be re-established at a higher 
temperature than before, i.e. tho melting-point is raised by; increase of 
pressure. The second case is typified by ice, bismuth, gallium, a number 
of other substaimcs, and the melting-point is lowered by increase of pressure. 

In a similar manner the theorem may be employed to dedKicc that, at 
constant temperature, the solubility of a salt in a liquid is inn eased or 
diminished by increase of pressure according as the process of solution is 
attended by contraction or expansion; and that, at constant pressure, t.Tie 
solubility is increased <*r decreased by rise of temperature according as the 
limiting beat of solution (vide p. lfifi) is negative or positive, i.e. represents 
absorption or evolution of beat respectively. • 

Applied to chemical systems, the general result is obtained that (i.) at 
constant pressure, rise of temperature favours the change that occurs with 
absorption of heat, and that (ii.) at constant temperature; increase of pressure 
promotes the change that is associated with ^liminution in vofume. Thus, 
considering the change 

N 2 0 4 ^2N0 2 

which occurs in the direction —^ with heat absorption, it fojjows that tho 
degree of dissociation of nitrogen peroxido is increased by arise of temperature 
and diminished by an increaso of pressure. ^ 

It is easy to see, from the fact that endothermic reactions are promoted 
by riso/.f* temperature, why such endothermic compounds as carbon disul¬ 
phide, nitric t oxide, acetylene, etc., should be produced at high temperature^ 
by tho direct union of their elements, although at ordinary temperatures 
these substances are unstable. The production *of ozone from oxygen at 
extremely high temperatures 1 is # also accounted for, the reaction being 
strongly endothermic. t f • 

Ifi order to predict quantitatively the extent o5 displacement of equililyium, 
it is necessary to havo recourso to tho second law of thermodynamics. The 
most useful deduction from this law for the present jAirposc is the itieorcm, . 
which may be stated verbally in the follow ing way 2 :—The latent heat of expan- - 
sion of a system is e<fual to the product of the absolute temperature ai^l ih 4 


1 Fisclfcr and Braehinar, lic%., 1906, 39 940. 

2 The theorem is expressed muthenmtiealty later on. 
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increment of pressure per detjree of temperature at constant volume} The 
application of this theorem to systems composed of perfect gasesf enables the 
connection between displacement of equilibrium itnd change of temperature to 
be mathematically formulated. The relationship is as follows:— 


;»<***>- 


n 


where K is the equilibrium constant (defined by the equation on p. 171) for 
the system at the absolute temperature T, and (), measured in gram-calories, 
is the heat of reaction at constant volume for the forward change (i.e. the 
change from left to right -in the equation on p. ,171). This differential 
equation was deduced by Van’t Hoff. 2 Its application may be extended 
to dilute solutions, and, by deriving the value of K in accordance with 
tj»c rule previously stated (p. 174), to the fluid phases of heterogeneous 
systems also. 

On the assumption that Q dojs not vary with the temperature, the 
equation may bo readily integrated, giving 



where K 1 and K 2 are the values of K at the temperatures T, and T<> respoc- 
tivcly. The assumption requires that the two temperatures shall be fairly 
clese together. Hence it becomes possible to calculate heats of reaction from 
measurements of equilibrium constants, and oonverselv, from thermochemical 
data to deduce the influence of temperature upon chemical equilibrium 

The applications of the preceding equations arc dealt with in works on 
physical chemistry. As a simple illustration, the change 

NII. NS---N11,, + H.,S 
»: * 1 

may be considered. If the ammonia and hydrogen sulphide are present in 
equivalent amounts, the condition of equilibrium (vide p. 174) is 

[Niy.[H 2 S] = K[NllJ. (j 

Denoting the partial pressure of the ammoniifby />, the relationship 


[*'VJ = 


V 

RT 


follows from the gas laws; and hence 


( v > 

2 VTo 


l _ -I s ) 2 U>K ? i T| - 


T,. 


K 1 ’-, 


From this equatiorf'and Isambert’jj data, 3 


when 


T„ - t ‘298T°, jp 2 = 2<50Ti min., 
Tj« 282-5°,^- 87-5 nhm, 


J Maxwell, Theory of Heat , 10th edition (Longmans & Co., 1891); Lohfcldt, Physical? 
Cfamistry (Arnold, 1899), p. 146 The theorem Us Kometimcs"refeired to as Maxwell’s 
^third IhermodynaVnic relationship. «• 

- Van’t«HofF, K. Svcns&a Vct.-JKad, Hmidl., 1885, 21 , 38; Zcitsch. pliysikal. Chcm., 
1887, I, 481. f - 

8 Isalnbert, Cumpt. md.^1881, 92 , 9if). 
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it is easily calculated that Q is equal to - 21,400 cals. The experimental 
value for (), the heat of sublimation of ammonium hydrosulphide at constant 
volume, is between - 21,64(1 and - 21,840 cals. 1 

The application of the thermodynamic theorem „.n;\dy quoted (p. 179) to 
heterogeneous equilibrium is simple, and it is of great use in dealing with the 
passage of matter from one phase to another. If L denotes the boat (measured 
in units of energy) absorbed when at the absolute temperature !’ a definite 
quantity of matter passes from one phase ft) another, and at constant tem¬ 
perature the increaso in volume associated with the process is dv, the theorem 
becomes 



where tho right-hand side denotes the rate of increase of pressure upon the 
system with rise of temperature at constant volume. • 

This equation may he applied to the solution of such problems as the 
change of melting-points and transition-points with pressure, change of vapour 
pressure with temperature, change of solubility with temperature and pres¬ 
sure, etc. For example, at a pressure of l atmosphere ice melts at ‘273°. 
One gram of icifc absorbs 80 calories, i.e. 80 x 41 *8 x 1(V ! ergs on melting, and 
the increase in volume is - 0 0908 c c , / e. there is a contraction* llcnrc, 

80 x 41 '8 x 10° ,. Jr 1A , . , 

-'— — = - 1,bo x 10’ dynes per so. cm Tier degree 
278 x -OWN .ill 

9 — - 188 atmospheres per degree. 

That is to say, an increase of pressure lowers the melting point of ice, but 
only by 0 0078'' per atmosjJ*ere. f 

From the preceding example it will be seen that the influence of pressure 
ppon the equilibrium is very small. This >s a general ehgractoystieof systems ’ 
from which the vapour phase is absent Sugh systems are called condensed 
systems, and it will be seen that transition-points, i.e. equilibrium temperatures 
in condensed systems, mast be practically identical with invariant point 
temperatures; for ii^xt.ucc, the triple-point temperature for the system ice - 
water-vapour is -00075° C,,tho transition-point, i.e. the melting-[rt>int, 
being 0° C. * 

Hate of Chemical Change. 

HofuOgeneoilS Systems. —In dealing with velocity aj reaction it is no 
longer possible to apply directly the principles of thermodynamics to the 
study of tho subject. In seeking experimentally thfc connection between 
rate of change and concentration of the reacting substances, however, help 
is afforded indirectly if it be recollected that the law thus arrived at should 
be capable, on the dynamic view of chemical equilibrium, of leading Jocthe 
law *of chemical equilibrium (p. 17^), which h i««n thermodynamic basis. # 

Fpr homogeneous systems, such as gaseous systems at not too great g 
pressures, and dilute solutions, the experimental law avhich describes w velocity 
of reaction is the Law of Mass Action, which may be stated thus:— 

At constant temperature the 'Rite at gvhich a chemical change is proceeding 


1 This example is iaktn from Van’t Hoft anJ (Jolien, Studies in ^Chemical Ih/namics, 
■ translated by Ewan (Williams & Norgate, 1896). • m 
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at any moment is proportional to the concentration, at that moment , of each 
molecule of each substance takiwj part in the chanye, i.e. propoitional to the 
product of these concentrations. ** *' 

. . “ Hate of change ’V>r “ velocity of reaction” signifies the rate at which the 

initial substances are disappearing, or, what is the same thing, the rate at 
which the products of the change are accumulating; and it may be measured 
by the diminution of concentration of any one of the reacting substances por 
unit of time. Since the concentiations of the initial substances continuously 
diminish, the rate of change likewise continuously decreases; hence the 
working out of experimental results goneerning'rates of change involves the 
use of the calculus . 1 

Consider the reaction r „ 

f» 1 A + m 2 B + ?M 3 C+ . . n l l , + « 2 Q + n s U+ . . . 

foenoting the concentrations - of A, B, . . ., at a time t after the com¬ 
mencement of the reaction by C A , C B , . . ., the velocity v of the forward 
change at that moment must he given by 

v = /c. C A ’"‘. . C, : " M . . 

where k denotes a constant called the velocity constant, tue magnitude of 
which depends upon the units of lime and volume chosen, and on the 
temperature. Similarly the velocity v of the reverse change is given by 

v '~K?- (V"‘ • (V 1 - ( v ,j ■ • • j 

vdiere // is the velocity constant for this reaction. At the time t, then, the 
observed rate of change will he {v -v) in the forward direction. If the 
time t happens to he the tifhe required for equilibrium to be reached, then 
at that moment, and subsequently, v~- v, i.e. 


(1 »I (\ n? (V 

_C_■ \'o • • * • 

rc,7" ■. c (! wi ... 


The law of mass action is thus in harmony with the law of chemical 
equilibrium, and indicates that the equilibrium constant K (p. 171) is to bo 
regarded as tl\e ratio of twq velocity constants. 

The simplest typo of change is an irreversible change in which only one 
molecplar species is concerned and only one molecule is involved in the 
change. The rate of change is then expressed by 


dC 

iit 


--kG, 


where C denotes tlio concentration of the initial substance at any time t from 
the start. The integration of this equation gives 


t=A:.iog 


!-3f>3. , 0,, 
— Iog '» <;’ 


1 The reader desirous of familiarising himself with higher mathematics so far as is 
, rfecessaYy to tho study of physical chemistry uay be recommended c to Mellor, Higher 
H%thematiafor Students of Chemistry anH Physics (Longmans & Co., 2nd edition, 1905), or 
18b»t.ington, Higher Mathematics for Chemical Students (Methuen c 1911). 

8 itn ^tam-molecules per ui#t of volume, as usual. 
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U 0 denoting tFie initial concentration. A method of oxpressing the result of, 
integration- which is sometimes preferable to the preceding is as folh^vs:— 1 


t, - r, h 


10 /T> 


(q and Co denoting the concentrations at times t x and t. 2 respectively. 

If, thou, the concentration can be measured at various intervals of time 
from the start, simultaneous values of tJ and t can Co inserted in these*, 
equations, and a series of values of k deduced. These values should be^ 
equal, within the limits of experimental eifor. •* 

A change which proceeds in a manner described by the preceding equations f 
is called a unimoleeular change. An important characteristic of such changes 
may be pointed out at once. Suppose that a definite fraction, say l/«th, of 
the total quantity of original substance has undergone change. The con^ • 
centration will have fallen to (n-l)CJn. The luno required to elVect this 
change is given by 


5‘.‘103 , ^ f « 0 „ 

~k~' "" ;0 («-T)<V 




■•’Sk 


II- 1 


Hence the time required for any definite fraction of the initial substance to 
undergo change is independent of the concentration. Fr<*n the kinetic 
point of view this resit ft is quite intelligible, since each molecule decomposed 
on its own accouift, and the closeness or otherwise of neighbouring molecules 
is therefore of no consequence. It follows that “quantities of initial subsfcinee 
present” may be substituted for “concentrations” in the preceding equations.*. 

The most interesting examples of inorganic changes which have been 
shown to follow the unimoleeular law are fclqj various radioactive transforma¬ 
tion*. Provided that a radioactive substance can be obtained in a homo¬ 
geneous state and the products of its disintegration do nof interfere, the 
rate of transformation, which may be measured bf the Tate of decay of 
radioactivity, follows the unimoleeular law. 1 * The velocity e< •sflints of these 
changes are called radiorictive constants , and denoted by A in the literature of 
the subject. It is also customary to state the “ perTod of half change’' T, by 
which is meant fflie time that must elapse after any particular moment, 
before the quantity of initial‘substance rcmainjng is reduce^ to one-half the 
piantity present at that moment. From the preceding equation it- is 
icon that 


T 


2 - 303 , 


0‘693/A. 


The value of 1/A is termed the period of average life 6f a radioactive element. 
In the case of radium Ftor*polonium) the periqfl of half-change is 140 daysi? 
Hence, with the day a" unit ol* time, the radioactive constant is 0 693/140 
Dr ‘00495, a result usually expressed as A(day) -1 = 495 x 10"\ Al^>, the 

period of average life is 1/0 00^95 or 202 day*. * • * 

, It is quite possible for a reaction to follow the unimoleeular la\v,*?.e. give 
a good “constant” for when the experimental*data are inseiJled in the 
equation, even when the change must of necessity involve the interaction of 
ut least two molecflles. The lassie example, in the study of which the law 
of mass action was used for the firjt tijne, is an organic reaction, 

1 Sometimes called the exponential ltw, since it mjy be written C-(' u .«~ w . 




184 MODERN INORQANIC CHBMISfTUY'. 


“inversion” of sucrose in aqueous solution, 1 which proceeds according to tire 
equation' * 


c 12 n, 2 o tl + u 2 o=c i; i r 12 (V h O o 11 

peruse ghiro&e liwuiose 


and gives a good “constant” for a unimolecular reaction, as the following 
results 2 serve to show : -- 


t, 

mins. 

c, 

Aibitrary 

tfnits. 

V *• 

0 

Ill OTf 


30 

9 022 

0*00152 

60 

8-077 

0-00156 

90 

7-25 5 

0 00156 

130 

6-297 

0*00155 

j 180 

5 317 

0 00151 


In this reaction the medium (water) participates in the change. In all 
such reactions the concentration of the medium only changes by an inappreci¬ 
able fraction oV its initial value, and may therefore lie regarded as a constant. 
Hence the only change of concentration that is of any consequence in the 
preceding case is that of the sugar. 

A chemical change that proceeds by the interaction of two molecules is 
said to be bimolcciilar. Denoting the two substances by A and B, the 
equation 


holds for the rate of change. Only the simple case when initially 0 A is equal 
to C„ will be considered. . In tbit? case 



whence, by integration, 



a result which is in a form suitable for the testing of experimental data. 

The conversion of ozone into oxygen is, at 100°, an irreversible cnange 
which follows the bimolcciilar law. 3 The change thus appears to be expressed 
by the equation 

Its progress is readily observed by measuring the rate of increase of pressure 
within the system, maintained ; t constant volume. 

, The decomposition of hydrogen iodide by heat— 

<mi^h 2 +i,, 

i Wilfoelmy, Pog'U Anna fen, 1850, 8 i, 413,-19'.)^ Ostwald’s Klamker, No. 29. 

< **- 2 Quoted from Mellor, Chemical Statics a id Dynamics (Longmans k Co., 1904), p. 40. 

3 Clarke and Chapman, Trans. C/um. Soc., 1908,93, 1638 ; Chapman and Jones, ibid,, 
1910, 97 , 2d83 ; Chapihan, Science Progress, lcll-2, 6, 438. 
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is a reversible reaction in which both the forward and the reverse changes 
are birnolecular. For the velocity of miction the equation * 


(A 

(U 


- k . Cjj . 


holds good. If the reaction be started with pure hydrogen iodide at a 
concentration (',,, and the concentration li^s fallen to (Rafter a time t, the 
concentration of hydrogen is equal to {(^ •■(!),'2, and that of iodine is the 
same. 1 [once, 


(H ! 
’ (it 




■V) 


The ratio k/k' is equal to the equilibrium constant K, and can therefore be 
determined experimentally and its value inserted in the equation. Tho^. 
integration, which is quite simple, leads to an expression for // m terniif of 
0 , C,„ and t, and experiment has shown that the expression actually has a 
constant value during the experiment. 1 

In a birnolecular change the time required for a definite fraction of the 
original substances (taken in equivalent proportions) to be transformed is 
inversely propiytional to the initial concentration. The proof may lie loft to 
the reader. « 

jj’cw' changes are knfiwn which involve the direct interaction of three or 
more molecules, and they will not he dismissed here. Their rarit y is readily 
understood from the point of \icw of the kinetic theory. It therefore appears 
that complicated reactions take place in successive stages, and the fact that a • 
complicated change follows the law for a birnolecular or termolecular reaction 
may be explained by supposing that one of Jho stages is of that order, and 
that all the other stages ffavo velocity constants exceedingly large in com¬ 
parison with that particular stage. To ta\e quite a simple ease, the decom- 
.positnm of hydrogen peioxide in aqueous solution proefeds uS a unimolecular 
change. According to the equation • * * 


• 21 = 211,0 +-(>,, 

it would be expected to be birnolecular. Hence it is supposed that two 
successive reactions ocem *’ , « 

(i.) I !!.,() + 0 (unimolecular) 

(n) 20-=<C 

and tlmt (ii.) proceeds at a rate enormously greater than (i.). 

All chemical changes the velocities of which have Jieeti measured do not 
exhibit the simplicity that might be anticipated from the foregoing account. 
The “ irregularities ” often observed may at«times # be traced to definite causes, 
One of the products of a change may, as soon as it is formed, commence a 
reaction with one or other *if the^nitial substances; or th« initial*subati&ces 
may be capable of interacting in a number ofVaya, and accordingly two or 
mor<i independent changes pmy proceed simultaneously. In either oof these 
circumstances “side reactions ” are said to oetfur. T.fie existence of’a period 
of induction is observed at the commencement of various reactions. During 
such a period the velocity increases*to a maximum, afterwards falling o<F 

—. - * 9 • ^ 

1 See Van’t Hoff, Lectures on Theoretical and Physical Chemistry , translated bvLehfeldt 
(Arnold, 1899), vol. i. p. 187. • 
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in tue normal manner. Tt is not difficult to show that the existence of a 
period cC induction is a consequence of the Law of Mass Action if *the change 
in question proceeds in successive stages, IM Uhat tlie detection of the 
, phenomenon 1 is very improbable unless the velocity constants for the 
successive stages are of about the same order of magnitude, the greatest not 
being more than, say, ten times the smallest. It must not be concluded, 
however, thav the observation of a period of induction proves that, a change 
proceeds in stages. The most interesting period of induction is that observed 
when chlorine and hydrogen unite under the influence of a feeble light—a 
reaction which is termed a photochemical change. The existence of this 
period of induction has been known for years, but it is only within recent 
times that it has been shown that the pure gases do not exhibit the pheno¬ 
menon, which is due to the presence of minute quantities of nitrogenous 
- impurities which prevent the formation of hydrogen chloride, and which are 
themselves destroyed by light. 2 

The radioactive transformations afford beautiful illustrations of successive 
imimolecular changes. For example, radium is transformed by loss of 
a-particles into niton, or radium emanation, which in turn loses a-particles 
and changes into radium A. The latter spontaneously changes into radium 
B, and so on, radium K eventually passing with loss of a-particles into an 
inactive product which is probably lead. The periods of half-change of these 
Successive transformations vary enormously, being ns follows* 

radium Cj 

radium —> niton ->iudium A -> radium b-> 19 5 mins. ~> radium D-> 
e. 1/00 3‘86 days 3 mins. 267 mins, radium Ce e. 17 yrars 

years 1*38 mi us. 

radium E -> radium F —> radium (1 
f'*l days HO days not radi wtive. 

Heterogeneous Systems.- -It is not proposed to discuss here the 
results that have bee/i obtained in studying velocity of reaction in hetero¬ 
geneous systems. One or two remarks only can be made. It will he obvious 
that the observed rate of change in such systems must be largely influenced 
by the extent of the surfaces of separation between the phases, and hence, for 
example, the rate of solution of calcium carbonate in hydrochloric acid will 
depend upon the state of division of the solid. Further, such velocities are 
dependent upon the rate at which the products of reaction diffuse away from 
the sur'Aces of separation, and hence, in the case just quoted, the velocity 
will vary if the liquid is stirred at different rates. It is probable that in 
many reactions the change proceeds with great rapidity where the phases, 
come into contact, and that the observed rates of change are .determined 
almost exclusively by diffusion velocities. 3 

Various reactions must be regarded as taking place in heterogeneous 
systems, although ai first sight this may not seem to be the case. The union 
of hydrogen and pxygen, the rate of which cam be measured at suitable 
temperatures, is a case in point. The reaction takes place almost exclusively 
at the walls of the enclosing vessel, and when the flatter is packed with porous 
porcelain the velocity ol reaction appears to depend largely upon the rate of 


, 1 E .f , by observing that a satisfactory v^ocity constant is not obtained in the initial 
‘W’ges of the reaction. . j , 

2 Burgosd and Chapman, Trans. Cncm. Soe., 1906, 89 , 1399; Chapman, Science 
Progress, ( \$\\-2, 6, 657 ; 1912- 3, 7 , 66 ; sec also Vol. VIII. of this series. 

3 Nernst, Zeitsck. physikal. Chon., 1904, 47 , 52. 
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adsorption of hydrogen by the porcelain surface . 1 The decomposition or 
phosphine, arsine , 2 arid stibine 3 into their elements when heated afftfrd further 
examples, the decomposition caking place in the 1 > ■ i*r of gas adsorbed by the 
surface of the containing vessel. The fact that the/irst two of theso rcaetionu' 
appear to be unimolecnlar changes 4 probably means that the rate of adsorption 
of gas by the surface is proportional to the pressure. 

Influence of Temperature and Medium on R^te of Change.—In 
tho case of the radio-active transformations, the velocity constants appear to 
be quite independent of the temperature. With all other changes, however^ 
a change of temperature affects the velocity of reaction, and with one or ttfb 
exceptions a ris*b of temperature causes the change to proceed at a g^ter*' 
rate than before. In homogeneous systems, tho velocity constant is usually, 
doubled or trebled by a rise in temperature of ten degrees, and so an increase 
of temperature of one hundred degrees generally increases the velocity conafopi 
at least a thousandfold. It is accordingly easy to understand why eompara- 
ti\cly few reactions lend themselves to velocity measurements at temperatures 
convenient for experimental work. At ordinary tomperatures many reactions,, 
particularly those between acids, bases, and salts, proceed far # too rapidly for 
their velocities to bo measured. On the other hand, many reactions must be 
considered a* progressing at the ordinary temperatures, although at such 
slow rates that no observable change occurs in any reasonable^period of time. 
Thus, a mixture of hydrogen and oxygen must he regarded, at ordinary - 
temperatures, a.f changing, although excessively slowly, into tho more stable' 
system in which practically all the gases are united in the form of water* and 
observations extending over a number of years actually show that yellow 
phosphorus slowly changes into the more stable red form. Some reactions 
can occur with gieat velocity at very low temperatures. For example, 
fluorine and hydrogen unite with violence at -- 252'5°, and fluorine* will react 
spontaneously with sulphur, arsenic, an<L>olher elements at - 1 87V 5 6 

The remarkable influence of temperature on rate ol change is often 
applied With advantage in investigating States of cquilibiftmi. Since, for 
example, neither the decomposition of hydrogen iodide nor the reverse change 
proceeds at an appreciable rate at the ordinary temperature, it is possible to 
determine the quantities of hydrogen iodide, iodine, and hydrogen piv^ent in' 
a system in equilibrium at \ high temperature by cooling.the system with 
great rapidity, and then applying the methods of chemical analysis to the 
problem. m * 

From the nature of Van’t 11 offs equation connecting displacement of 
equilibrium with change of temperature, it follows, on the dynamic view of 
equilibrium, that the connection between temperature and velocity constant 
for a homogeneous change, is of the form 

• t 

where B is independent of, hut A varies $)mewhat with the temperature 
(since A depends upon tbj* value of the heat of reaction). The majority cTf 

1 Bono and Wheeler, Phil. Tnt 1900, 206 , 1. 

2 Van’t Hoff and Cohen, Sin-lie*in Ch-yieal Dynamics, translated bv Ewan t William* 

k Norgate, 1890^, m 1 and 49 * • • 

1 Stock and Bodenstein, Her. , 1907, 40 , 570. 

1 Van’t Hoff and Cdien, opus eit. \ 

6 Moissan and Dewar, Compt. rend., 1903, 136 , 641, 796. 
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the empirical formulae that have been found to represent satisfactorily the 
influence bf T upon k in particular reactions can be derived from the*preceding 
equation by assuming that A varies with T in suitable, generally quite a 
simple, manner. 

The view here expressed concerning the influence of temperature upon 
rate of change may be stated in the form that the velocity of a reaction 
changes continuously with change of temperature ; but there is a npmbcr of 
changes in which this view appears^to be incorrect. For a discussion of such 
fhanges, and the nature of “ false equilibrium,” however, the reader must be 
leferred elsowhere. 1 * o 

A change in the nature of the medium influences tho rate'’ of progress of 
a chemical reaction ofton to an enormous extent. For example, the slow 
decomposition of carbon oxvsulphide in aqueous solution, 

<• aw + h,,o = <;<>,+ n.,s, 

is an example of a bimolecular change which gives a good constant for a 
uniinolecular reaction (see p. 183). At constant temperature the velocity 
constant for this change is considerably altered when the nature of the 
medium is altered by the addition of a soluble acid or salt.-’ A most 
striking instance is furnished by Mensohutkin’s determination of the rate of 
combination of triethylamine (C 2 H ft ) s N and ethyl iodide U,Il r ,I at 100° in 
various organic solvents. 3 4 With hexane as solvent the velocity constant for 
this bimolecular change is 0'00018, whilst with benzyl alcohol it is 0*133. 
The influence of the solvent upon tho degree of molecular complexity of a 
solute (see Chap. IV.) may also bo mentioned. An equilibrium is involved 
in all such eases, and the rates of the opposing reactions are unequally 
influenced by change of solvent. In tho decompb -lition of ozone 1 at 100’, 
interesting as being the only case of irreversible homogeneous change m the 
gaseous, state at-.prcsevt (11)14-) known, the presence of oxygen, nitrogen, 
carbon dioxide, or water vapoui;, has no elleot, the rate of change being 
conditioned solely by the concentration of ozone in the mixture. 

A satisfactory explanation of the influence of the medium is still lacking. 

Catalysis. — It has been already pointed out that ,J .ltp rate at which a 
reactioli proceeds is changed by altering the medium in which it takes 
place. Frequently, however, it is noticed that the rate is altered, usually 
greatly increased, in the presence of a very small quantity of a “foreign” 
substance, that is to say, a substance that apparently takes no part in the 
change and is left at the completion of the change unaltered in chemical 
composition and in quantity. The foreign substance is called a catalyst or 
catalytic ayint , and the phenomenon is termed catalysis. Examples are very 
numerous. The evolution of oxygen by heating potassium chlorate proceeds ■ 
at about 400°, but when a little manganese dioxide is added, oxygen can be 
readily obtained at temperatures a little over 200°, before even the chlorate 
melts Tho rate of union of hydrogen and oxygon, hydrogen and iodine, and 
sulphur dioxide and oxygen is in each case great ty accelerated by contact 
with spongy platinum. J’ho addition of a little colloidal platinum brings 


1 Mellpr, opus cti. c u 

^^Ajbiichliodk, Zeitsth. physikal. Ohetp., 1897, 23 , '123 ; 1900, 34 , 229. 

3 Men.xchutl.in, Zeitsch. physikal. Chum., 1890, 6 , 41. For other examples see Dimroth, 
Annn.lcr., 1910, 377 , 127 ; Segaller, Trans. Ohmn. Soc ., 1914, 105 , 142. 

4 Vide supra, p. 184. < 
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about tlio rapid decomposition of hydrogen peroxide in aqueous solution at 
the ordinary temperature. The •‘inversion” of sucrose only proceeds with 
appreciable velocity in tie presence of acid, whi h is left undiminished in 
quantity at the end of the experiment, etc. # 

A catalyst is defined by Ostwald as a substance which changes the velocity 
of a reaction without itself being changed by the piocess, a d< fimtion which 
implies that a catalyst is incapable of starting a reaction, and Inly affects the 
speed of a reaction already proceeding, though perhaps at an exceedingly 
slow rate. This is, however, in the present state of knowledge, only a mattej 
if opinion, and others hoVl that a catalyst can actually initiate a reactioifc 
The quantity <tf a catalyst present is often excessively small in compjirjson. 
with the quantity of material reacting. For instance, ten litres of a mixture 
of hydrogen and oxygen were caused to combine at the ordinary temperature 
n the presence of O'OOOf gram of colloidal platinum, and the actio ity of thg, 
catalyst was still unimpaired. 1 2 3 The final state of a system undergoing 
diange must therefore be independent of the natuie and quantity of any 
catalyst present, and, in particular, the state of equilibrium in a reversible 
change cannot be affected by a catalyst." For instance, it has been shown 
at -150° and in the absence of a catalyst, hydrogen iodide decomposes to the 
extent of 18 C per cent, before equilibrium is reached, ;; while in the presence 
of platinum black as catalyst 19 per cent, was found to hwc dissociated. 4 * 6 
11 Alice it follows that a catalyst which modifies the forward rate of change in 
a reversible reaction must similarly modify the rate of progiess of the reverse 
change, a conclusion that is in harmony with experiment. 9 

The enormous influence of water vapour on many chemical changes* 
affords numerous striking instances of catalysis. Carbon monoxide does not 
combine with oxygen under the influence of (Ac electric spark when the mixed 
gases are perfectly dry/' **A similar resell is observed with dry hydrogen and 
oxygen. Numerous elements arc unrh.yiged when healed in dry oxygen or 
chlorine; thus sodium may he melted in dry oxygen Without chemical change 
occurring. Dry ammonia and h)drogen chlftridc do not unite,find, conversely, 
dry ammonium chloride does not dissociate when heated. The dissociation 
of calomel vapour into mercury and mercuric chloride does not occur with 
the dry substance,^ihd dry nitrogen trioxide vapour, far from being dissociated 
into peroxide and nitric oxide*, is largely associated as N 4 O fi molecules. 0 

It is not possible to say with certainty whether these''reactions are actually 
stopped by the absence of moisture, or whether the changes stili proceed 
with exceedingly small velocities. It has been supposed that two perfectly 
pure* substances cannot react, the presence of a third being essential to the 
commencement of chemical change; 7 * but the difficulty of proving such an 


1 Ernst, ZcitKch. pJysihaf. /'Am.,#1901, 37 , 4l8. , 

2 Owing to the difficulty of defining exactly the nature of catalysis, this conclusion is 

open to question. Thus, it iS diUieufjt to see how the “nilhiciice^of the, s<*lven>,”?bferred 
to in the preceding section, can be excluded from What is t.ermed # calalysis, if.the usual 
definition is accepted, and yet change of solvent is associated with displacement yf 
equilibrium. :l , • 

3 Lemoine, Ann Chint . Tlu / s ., 1877, (v.), 12 , 145. 

4 Hautefeuille, Coyipt, rnnl ., 1867, 64, 608. 

e Dixon, Jii'it. Assoc. Jic/mils, ltyO), 593 # t % 

6 Eor full icfc-rcnccs to the liteiatuit of this plia^.* of the subject, She Mellm and 
Trans. Client. Sac., 1902, 81 , 1272 ; Uakei, ilna., 1894, 65 , 611; 1907, 91 , 1862. 

7 Armstrong, TranChan. Soc., 1886, 4 p, 112; 1895, 67 , 1122*5 1908, 83 , j.088 ; Proc. 

Hoy. Soc., 1886, 40 , 287 ; 1902, 70 , 99 ; 1904, 74 , 80. • 
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-hypothesis experimentally is obvious, and as a general thoory of^ chemical 
change tlfs view is not widely accepted. 

Many chemical processes carried out on h flmmifacturing scale are 
hastened by catalysts; 1 ,f or instance, the manufacture of sulphuric acid by 
the chamber process, of sulphur trioxkle by the contact process, of chlorine 
by Deacon’s process, etc., and catalysis is therefore a subject of great 
practical as well as theoretical importance. No satisfactory genera^ theory 
of catalysis is at present known, 1 2 anti probably the many instances of catalytic 
^ction known cannot all be explained on the same hypothesis. The favourite 
taode of explanation is to assume die formation of intermediate compounds, 

, into the compositions of which the catalysts enter; 3 these intermediate 
substances then react to yield the final products and regenerate the catalysts. 
.Particular instances in which this view receives experimental support will be 
dealt with as occasion arises in the other volumes of this series of text-hooks. 4 


1 See Jobling, Chemical World , 1914 ; Conroy, J. doc. Chcm. hid., 1902, 21 , 302, 
where numerous cases are discussed. 

2 A promising theory of homogeneous catalysis has been outlined by Rosanolf (•/. diner. 
Chcm. doe., 1913. 35 , 173). See also ltosanofl* and Potter, ibid., 1913, 35 , 248. 

3 In which case it. may very well Inppen that the cataljst ad 0 ally^ bi iiu/a abort a 
reaction, and not merely hastens one already in progress. 

4 For furthoi infoimation, va/c Mcllor, opus cit. (p. 169); ..Ostwald, Uihcr Aatalysi 
(Leipzig, 1902). 



CHAPTER VI. 

ACIDS, BASES, AND SALTS. 

Historical. —The only acid with which the ancients were familiar was 
vinegar. 1 2 They noted that it acted as a solvent upon many substances, 
dissolving calcareous earth, for instance, with effervescence. Subsequently, 
other liquids were prepared, characterised by similar solvent powers and 
possessed of a #$our taste, and they were classed together as am?*, impure 
nitric and sulphuric acids were known in the eighth century. 'Win; alchemists 
attained considerable importance to acids, and regaided their power of 
dissolving substances which are insoluble in water as their distinguishing 
characteristic. ' 

The name alkah -*was originally applied to the ashes of sea plants, the 
detergent properties of which were noticed in very early times, baler, the 
application of the term was extended to include other substances, which, like 
the original alkali, dissolved in water, producing solutions having a soapy 
action on the skin and the power of affecting the colour of various plant 
pigments. • ' 

The interactions of acids and alkalis w*bro much stiulii d “during the 
seventeenth century. 11 was noticed that the substance, produced when an acid 
and an alkali were mixed did not exhibit the characteristic properties of 
either an acid or a 3 base ] such substances became known as salts. %le 8 
pointed out that acids were characterised .by solvent power* the ability to 
precipitate sulphur from its solution in alkalis, the powei # of turning certain 
blue vegetable colouring-matters red (alkalis effecting tiio reverse change) 
and of combining with alkalis, when a salt was produced* A number of 
alkalis*were noticed to effervesce with acids, and w’ere called mild alkalis to 
distinguish* them from the others, or caustic alkalis. Further, substances 
were discovered? which, although practically insoluble'in water, nevertheless 
combined witfi acids to fohn salts. These # were galled earths, being further' 
distinguished as niildear'hs when fheir interaction with acids was accompanied 
by effervescence. ■* % , > 

Originally the word sal* was applied to sea salt, and evpu at the present 
day pt is still commonly employed with this meaning. Subsequently the* 
term salt came into use as a class name foi* substances which, like’sea-salt, 
are soluble in water and maybe recovered from the solution by evaporation of 
the solvent. Paracelsus (sixtceifth concur)) and the ialrochemists applied t^e 

1 Greek olvs, Latin acidns - sour; Greek Latin vinegar. 

2 Arabian = the ash. 3 Boyle’s Collided JVuls (1772), vol. iv. p.*284, 
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term to denote solid substances obtained by the combustion or ignition of 
other substances. Early in the eighteenth century the special properties of 
salts were stated by Boerhaave 1 2 to be solubility, fusibility or volatility, 
and taste. Later, however, the acids and alkalis were exempted from this, 
definition, while insoluble, tasteless substances obtained by the interaction 
of certain earths and acids were classed as salts, so that the term “salt” came 
to include alt substances produced by the action of acids on alkalis, earths, 
metals, and calces or metals (i.e. substances obtained by heating the metals 
r in air). a Substances which formed salts by interaction with acids were 
* grouped together as bases by Roue’Ie in 1744. 1 

Van ilelmont distinguished between fixed alkali and' volatile alkali 
(ammonia); in 173(1 Duhainel divided fixed alkali into vegetable (potash) 
and mineral alkali (soda), For a long time it was supposed that the caustic 
_alkalis and the earths were more complex than the mild alkalis and mild 
eat tils; for example, following the views of “Basil Valentnte,” limestone, 
which effervesced with acids, was supposed to combine with “matter of fire” 
when heated, thereby producing quicklime, which did not effervesce with 
acids. It waSj however, shown by Black, 3 that limestone is really quicklime 
combined with a peculiar gas which differs from ordinary air, and that it is 
this gas, called fixed air by Black, which escapes when limestone dissolves 
> in an acid with effervescence. He further showed that tin* mild earth 
“magnesiaalba” is similarly related to magnesia., since it consists of magnesia 
combined with fixed air; and that the same product is obtained in solution, 
whether magnesia or magnesia alba he dissolved in an arid. The work of 
Black enabled a clear distinction to be drawn between mild and caustic 
alkalis and between the earths and mild earths. 

The discovery of oxygen by Priestley 1 * * and Soheele/' and the recognition 
of the real nature of the phenomenon of combustion by Lavoisier 0 in 1777, 
led to tho oxy'yen theory of aeids. From the fact that various non-metals, e.y, 
carbon, sulphur', and phosphorus, combine with oxygen to form oxides 7 which 
dissolve in water yielding acid solutions, Lavoisier concluded that OAygen was 
the “acidifying principle” and was contained in all acids. To him an acid 
was a combination of oxygen with an “acidifiable base,” 8 which was usually a 
non-ipetal; the oxides of the metals were not acids, but were identical with 
the calces obtained by heating .the metals in air. Although it was sub- 


1 Boeihaave, Ei<.menta Chemia, 1732. 

2 See Lavoisier, Elements of Chemistry, translated by Kerr, 4th edition, 17 ( .'9 ; Nichol¬ 
son, The First Principles of Chemistry, 1st edition, 1790, 3id edition, 1796. 

3 Black, Experiments on Magnesia Alba, Quicklime, and other AlcaUne Sutn 'ances, 1755 ; 
Alembic Club Reprints (Clay, 1893), No. 1. 

4 Priestley, Experiments and Observations on Different Kinds of Air, 1775 ; ilem.hu 
Club Reprints (Clay, 1394), No. h, 

B Soli eel e, Chemical Treatise on Air and Fire, 1777 ; Alcmoic Club Reprints (Clay, 1894), 
No.v. 

8 Lavoisier, (Euvees, vol. ii. p. 2°6. 

7 Binary compounds containing oxygen are called oxides ; those containing sulphur, 
^ sulphides ; selenium, selenides ; tellurium, telhirvles ; -hydrogen, hydrides ; chlorine, 
chlorides; bromine, bromides', iodine, iodides-, fluorine, Jlaorides ; nitrogen, nitrides ; 
phosphorus, phosphides, etc. The sullix -ide almost invariably terminates the name of a 
binary compound ; and the. name modified is that of ^lie more negative element, e.g. ZnO, 
oxitic ; NaCl, s.dinm chloride, e.tc. 

~ ° Also cal'cd the radicle, a term duo to G. de, Morveau. For the history of the various 
meanings that have .been assigned to the /vord radicle see Laienburg, Lectures on the 
History dj Chemistry, translated by Dobbin, (Thin, 1905), Lectures 7 and 8. 




Sequently shown that certain acids do not contain oxygen, the idea' tfiai' 
aicids were oxides'* was generally held until about 1838, and fcho compounds 
4hat these oxides were kiiouji to form with water w'-e regarded as hydrates 
of the acids. 

Salts were regarded by Lavoisier and his followers as compounds of acids 
and bases, the latter including calces or metallic oxides, oaust! •• alkalis, and 
earths. Although he was unable to prove it, Lavoisier was inclined to regard 
the earths as being oxides of metals, and* this view was* shortly afterwards 
confirmed. In 1807 Davy 1 isolated the metals sodium and potassium by 
the electrolysis of fused soda and potash respectively, the metals appearing' 
at the cathode, and oxygen at the anode. He accordingly regarded the 
alkalis as oxides of tlftse metals (later they were shown to be hydroxide^),- 
■ and, turning his attention to the earths, he succeeded in showing that lime, 
strontia, baryta, and magnesia were oxides of hitherto unknown metals, which 
he isolated in an impure state. 2 

Lavoisier’s theory of the constitution of salts was developed by Berzelius 8 
into the dualist,ic theory of chemical combination, an electrochemical theory 
which dominated chemistry for many years. According to Berzelius, each 
chemical atom, when in contact with another, is electrified? Each atom - 
possessos two yules, a positive and a negative pole; but tho charge at one 
pole is much greater than that at the other polo, and consequently an atom 
appears to be cither positively or negatively charged according as to which 
of its polos carnets the greater charge. The most electronegative element, 
according to Berzelius, was oxygen. In chemical combination between 4wo 
elements there is a neutralisation of opposite electricities, accompanied by’ 
manifestations of heat and light. For instance, in the union of oxygen and 
another element, them is a partial neutralise!ion of negative electricity from*’, 
the oxygen, and positive*electricity from the other element; but as the 
positive charge on tho one element may he greater or less in fjuantity than 
•the negative charge on the second, the compound ^iroduved possesses a ' 
certain re ideal charge of negative or po iti.a sign. The “compound of fife-, 
first order” so produced is hence capable of still further combination; the 
oxide of potassium, for example, which is positive, can unite with the. 
oxide of sulphur (or sulphuric acid, as it was called), which is negative, t&s 
form sulphate of potash, a i umpoond of the second order.” This, ifl like 
manner, is still capable of combination, feu example, withamlpTiato of alumina,' 
to form alum; but, according to Berzelius, the stronger poles in general are : 
neutralised first, and so the intensities of the electric forces, tB which cliemioaT* 
combination is to lie attributed, diminish the higher tho order of the” 
compound Jieeomes. ; 

On this dualistie view, then, every compound was tfUpposed to lie capable*! 
?f division info two parts,*one positively and tlur other negatively electrical, i 
A salt was regarded as a compotirfd of the Second order,(formed by the union', i 
of a positive metallic oxid^and an acid or negative oxide, each of. the ojides- 
being a compound o. r the first o*rder; and formula) were written inXsucli a * 
manner as to indicate this idea. Sulphate of potash, for example, a compound, 
of potassium oxide, KO, and sulphuric acid, \vas.written KO.SUj. . :? 

• d» 

1 Davy, Phil. Trans., 1808, 98 , 1. 

'. J Davy, Phil. Trans., 1808, 98 , 303, . 

3 Berzelius, Xchweigijf’s Journal, 1812, 6, 118; Lchrbuch icr Ckmie (Dresden, 2nd' 
'edition, 1827), vol. iii. part 1 . * • " - 

v "vor.. 1 . 
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w / Lavoisier’s view that all acids must contain oxygon was generally accepted 
by his contemporaries; but Berthollct, in 1787, expressed a different opinion. 
He pointed out that prussic acid contains carbcyi, hydrogen, and nitrogen 
only, and that sulphuretted hydrogen, f which behaves as an acid, contains 
nothing but sulphur and hydrogen. Accordingly, he regarded other elements 
besides oxygen as acid-producing; but few chemists accepted his views. 
Between the years 1808-10, however, it was demonstrated by Davy 1 that 
ohlorine, discovered in 1771 by ttcheele, 2 is an elementary substance, and that 
it combines with hydrogen to form a compound which behaves in solution 
-as a strong acid. It had previously been assumed that chlorine contained 
oxygen, and Gay-Lussac and Thenard,® who studied the reactions of chlorino 
and its hydrogen compound about the same time as Davy, adopted the view 
that hydrochloric acid was a compound of an unknown radical muriaticum 
with oxygen and water. Gay-Lussac, however, eventually accepted Davy’s 
viw, being led to this step both by his investigation of the properties of 
iodine, during the course of which lie prepared hydriodic acid, 3 and by his 
study of prussic acid and cyanogen. 4 5 The experiments of Davy and Gay- 
Lussac made it impossible to assume any longer that oxygen was a con¬ 
stituent of all acids. The acids devoid of oxygen were called hy dr acids by 
Gay-Lussac, and Berzelius drew a sharp distinction between, on the one 
hand, the hydj'ctcids and their salts, the haloid salts ; and, on the other hand, 
the oxyacids and their salts, the am}dial salts. 

The modern, or hydrogen theory of acids followed quickly after the 
discovery of the polybasio acids. The latter is due to the classical investiga¬ 
tions of Graham in 1833/’ Graham showed that the. water contained in 
/‘hydrated acids” was essential to their constitution, and that ordinary 
phosphoric acid is to be regarded as a compound of one ‘‘ atom ” of phosphoric 
oxide, and three “atoms” of water. ,.The salts of’*the acid are likewise to be 
looked upon as compounds of oi)p “atom” of phosphoric oxide and three, 
“atoms” of base, of which one or two “atoms” may be water—?.<?. the salts . 
are derived bjt the partial or complete replacement of the three “atoms’’of 
water in the acid by “ atoms ” of base. He further showed that there are 
\two other phosphoric aCuls, one of which is a compound of one “atom” of 
phosphoric oxide and two “atoms” of water, while the ether is a compound 
,of one “atom” of phosphoric oxide and ono “atom” of water; and that the 
salts of these acids are likewise derived by the replacement ot the “atoms” 
of water,by “atoms” of base. Thus, Graham showed that what was at that 
• time regarded as phosphoric acid formed three distinct hydrates, which were 
"able to saturate different quantities of base. 

In 1838 Liebig 6 showed that a large number of organic acids resoluble 
phosphoric acid. For example, tartaric acid not only forms salts by the replace- 
, ment of one atom of water by one atom of base, but/ it also forms salts by the 
replacement of two atoms of water by two dvoins of either the same base or 
different, bases. Thus arose the idea of polybasic acids. But Liebig went 
further than this*; he showed chow to get rid of £ho division of acids into 
t hydracids and oxyacids. 


1 Alembic Club Reprints { Clay, 1894), No. 9. 

. 2 Alembic Club Reprints (Olay, 1897), No. 13. 

..£ 8 Gay-Lussac, Aon. Chim. t 1814, 91 , 5. c 

"*"‘ % *May-Lu*Rac, Ann. Chim.f 1815/95, 1£6. 

5 Graham, Phil. Trans., 1833, 123 , 253 ; Alembic Club Rcprinis (Olay, 1895), No. 10. 

■ 8 Liebig, An^alcn, 1838, 2 $, 113. 
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,. According to the dualistio view of the nature of salts, it was necessary 
to explain the formation of a haloid salt by a process different from that 
which was assumed to account for the products • of an amphid salt. For' 
-example, whereas iron was supposed merely to replace hydrogen in hydro-' 
chloric acid, with the formation of ferrous eldoride, it was necessary to," 
suppose that in the production of ferrous sulphate from iron .aid sulphuric • 
acid, the presence of the acid SO, enabled the iron to decomp -se the watery 
forming ferrous oxide and liberating hydrogen, and that the oxide then 
united with the acid to form FeO.SO a . The two reactions, however, ar%; 
similar in character, and Liebig put fonva fl a theory of tin nature of acids' 
in which this siinilari^y finds a ready expression. • • • 

According to Liebig, what had previously been regarded as hydrates of 
acids are the real acids. The acids, in fact, are hydrogen compounds, in 
which part or all of tho hydrogen may he replaced by metals, with tbe» 
formation of salts. 1 The nature of an acid is therefore expressed Tiyuie 
statement— 

acid = replaceable hydrogen + acid radicle, 

by “acid radielo” being understood tho remaining constitueifts of the acid. 
For example, sulphuric acid H 2 SO, consists of replaceable hydrogen lf 2 and 
acid radicle S() 4 . The two reactions just mentioned—namely*tho formation 
of ferrous chloride and ferrous sulphate—are similar in character, in each case 
hydrogen of the acid being replaced by metal. The formation of these salts 
from the ferrous oxide ami the acids is likewise a case of similar reaction#, 

• FcO 4- 2 HC1 - Fed., + H.,0, 

FoO + U 2 SO., - FeSOj +11,( >, 

- • 
in each case the reaction being 

, oxide of metal + acid ^ salt H- wat<*r. 

Liebig’s view is essentially that which is held to-day, acids Unci salts beipg « 
regarded as strictly analogous. This is well bogie out by the study of , 
electrolysis, which wih be discussed in some detail later on in this chapter. 

Acids.- Without attempting to define exactly what is midersloocLby ap 
acid, it may he said that an acid is a compound of hydrogen, which in/ 
solution is capable of exchanging part or all the hydrogen (the “acidfe” 
hydrogen) it contains for a metal, with the simultaneous firmatioipof water, 
by the action of a metallic oxide or hydroxido on the solution. 

Atthough hydrogen is the essential constituent of an acid, most acids 
contain ofygen as well. 2 The chief exceptions are.tho hydracids or com- 
^pounds of Uydtogen with the halogens and with cyanogen, such acids as- 
'__’__•_ •__ ^ 

1 This view had been previously expressed by Davy, Phil. Trans., 1811, irpif. 155 ; • * 
181p, 105 , 219 ; Alembr. Club Reprints (Clay, 1891), No 9, p. (J3, ai«l by Dulong iu 1815. 

2 It frequently happens that seveial acids are known, closely related in composition;'; 
being, in fact, compounds of the same elements, but differing in the amounts of oxygen 
contain relatively to the other elements. In namiflg t.hese%cids a systematic method is *;■ 
employed. The name of one acid is chosen to end in •<>, and the suftix -oies, and tho prefixes ' 
hypo • and per- employ^ in theniam#r indicated in tlu* following example:— 

HC10 . . hupo cl*loroiw^icid. 0 

HC10 2 . . chlorous ,, 

I1C10 3 . . ^ chloric ,, 

HCIO, . . perchloric* ,, 



■flnokilioic acid, 2HF.SiF 4 or H 2 SiF 6 , and the thio-acids,'such as thio-carhoniisj 
lafcicf, H 2 W? S , which arc analogous to oxyacids, but contain sulphurhu place of ; 
oxygen. • r _ _ i 

An acid is said to \te mono-, di-, tri-, etc., basic, according as its molecule 
contains one, two, three, ,etc., atoms of hydrogen replaceable by metals. 
Besides forming so-called normal salts in which metal roplaces all the 
acidic hydrogen, polybasic acids are capable of forming salts in which only 
part of tho hydrogen is so replaced. These intermediate derivatives are 
; called add salts. Since sodium and potassium salts are derived from 
acids by tho replacement of lyvdrogen for metal, atom for atom, the 
basicity of an acid is equal to the number of sodium or* potassium salts 
that it forms. For example, phosphoric acid, H 3 P0 4 , yields three potassium 
salts, having the formulas 


and hence is tribasic. The first two salts are acid salts, hut the third is the 
, normal salt, i.e. the salt derived by the replacement of all acidic hydrogen in 
the acid by metal. 

The basicity of an acid cannot bo determined by mere inspection of tho 
molecular formula. Hypophosphorous acid, ll s l J 0 2 , for instance, might in 
that way he 'considered tribasic, whilst actually it is monobasic and yields 
Only one potassium salt KH.J’0„. 

Jnformation concerning tho basicities of acids may he derived from thermo- 
chemical measurements. A monobasic acid forms only one sodium salt, and 
accordingly the heat evolved when a dilute aqueous solution of one gnun- 
moleculo of the acid is neutralised by a diluto solution of x grain-molecules 
of sodium hydroxide is practically independent of, .v for values of * starting 
from unity aril increasing ; the hoar evolved is, howovor, very nearly pro¬ 
portional to x for vahies of x let: than unity. This is illustrated by the 
■.Inumhers given in the following, table:— 


Acid. 

# Nn. of giam-niolecules of NaOH ad^-d to one of acid. 



. 

2 . 


Cals. 

Cals. 

Cals. 

HOI, HBrurlll . 

6-85 

13*7 

137 

H s S . 

3*0 

7-7 

77 f 

HCN . 

1*4 

2-8 

, 2-8 

15 2 

H,PO s . . 

77 

15-2 - 

UNO, . 

' 6-8. 

t 137 

13-0 


js r . 1 . I 

,. . On. the other" hand, if, in ft series of experiments, the gram-molecule of 
..a;polybasic acid in dilute solution is mixed with 1, 2, 3 ... n gram-molecules 
■of sodium hydroxide successively, the quantities of heat liberated at first 
.increase, but at length become practically equal.. If the evolution of heat 
.'isjrracMcally unchanged when the number' of gram-molecules of sodium, 
fSiydeoxido jji increased beyond mi, t|je acid is Mi-basic, Examples are givom 
■ jn the accompanying tablo in which ^tho heat unit i^. tho kilogram-calorie; 
jvor Cal. , 
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The results obtained in this manner do not always agree with tho» 
derived from a study of the compositions of the metallic salts. Hydrogel 
sulphide, for example, is dibasic, but the thermoehcmieal method indWSfRfc 
basicity of unity. The reason is that sodium sulphide, Nn 2 S, is hydrolyset 
almost completely in dilute aqueous solution thus— 

Na,S + H. 2 ()^---NaHS + NaOH, 

and hence the«thermal change when two gram-molecules of aiKan are aauec 
to one of hydrogen sulphide differs inappreciably from tlmt observed whei 
only one gram-molecule of alkali is used. 

Oxides. 1 —The oxides may be divided into various classes according U 
their chemical behaviour. 

An oxide which combines with water to form an oxyacid is called at. 
anhydride or acidic oxide. For example, sulphur tnoxide is the auhydridt 
of sulphuric acid— • 

11,0-f SO, =H 2 SO., 

and hence is often called sulphuric anhydride. One*or t\w» oxides may lx 
called anhydrides in a certain sense, becc ise they may be obtained from 
oxyacids by loss of water, although they do not unite with water to form the 
acid. Thus nitrous oxide may he looked upon as» hyponitrous anhydride, 
since the change- 

Ii',N,0 2 = N,0 + H g 0, 

can he realised, hut not the reverse change. 

Most anhydrides are oxides of non-metals or metalloids*but they include 
one or two metallic oxides. These are invariably the higher oxides of the ; 
metafcs, i.e. those containing the greatest amount of oxygen. Examples are' 
chromic afihydride Cr0 3 and permanganic anhydride ^ln 2 0 7 . * 

An oxide that .reacts with an acid to produce a salt and water only is? 
called a basic oxide. Examples, are numerous f calcium oxide, CaO, forroqa/ 
oxide, FeO, forric oxide, Fe 2 0 3 , etc . 2 They are oxides of metals (or metalloids)^' 
the oxides of non-metals flot bei*ig basic. 


u When an element forms a number of oxides, numerical prefixes are ot'i-en used Jjf/ 
naming the compounds in order to distinguish between tliefh. F<>r instance, TbO is lead/*; 
non-oxide, Pb 0 3 is lead tfi-oxide, while l’b., 0 ^ is lead sesqui-oxide (tlie atomic ratio 2 : 8 - 
being distinguished b/this prefix). •This method of forming names ja used geneifclly; thus 
' InCl, IuCl 2 , andlnCh, are called indium vu%>, di in-chloride respectively, etc. • ^* 
2 When two basic oxides of a metal are kn<*vn, the suffices -ovs and 4c are emprtJSut# 1 * 
(distinguish between th%m, the 4c. oxide hiding the greater oxygep content; e.g. FeO hi / 1 
derrous oxide and Fc^O, is ferric oxide. 
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" An oxide which is neither acidic nor basic, bnt which contains more 
’.oxygen than the basic oxides of the metal, is usually called a peroxide ; e.y. ' 
barium peroxide, P»uO,„ manganese peroxide, Mn(b Some peroxides—for 
■ instance, barium peroxidt)—are derivatives of hydrogen peroxide, and yield that. 
...substance when acted upon hy an acid. Others, like manganese peroxide, 
■behave as oxidising agents' in the presence of acids. Tho term peroxide is 
sometimes used in another sense to indicate oxides which contain a larger 
proportion of oxygen' than the typical oxides according to the periodic classi- 
1 fication. On this definition manganese dioxide, MnO s , is not a peroxide, since 
the typical oxide is Mn,0-. l’oi^snlphurie anhydride, however, is a 

r peroxide, since the typical oxide is SO a . 

An oxide which is neither acidic nor basic anil does not yield such oxides " 
by loss of oxygen is called a neutral oxide. Water, H.,0, and tellurium 
' monoxide, TeO, are examples. Suboxides , or oxides containing less oxygen 
lowest basic oxides of the same metals, may also lie included among 
the neutral oxides, e.y. lead suboxidc, Pb 2 0. 

Lastly, tliero aro oxides which may be termed mixed anhydrides , c.g. 
chlorine dioxide, C10 2 or C1„0 4 , which yield a mixture of acids when they 
react with watfir— 

C1.,0 4 + H.,0-IIC10 s + HG10., 


and saline. uxMes, which are regarded as salts; e.y. lead sesipiioxide, l'b., 0 .., 
-which is looked upon as lead piumliate, 1 ’b.l'bO.,. 

h numlior of oxides are both acidic and basic, according to circumstances. 
Thus aluminium oxide behaves towards hydrochloric acid as a basic oxide, 
“forming a salt (aluminium chloride) and water. Towards sodium hydroxide, 
however, it behaves as an acidic oxide, forming a substance called sodium 
aluminate, which must bo regarded as a salt foamed by a process quite 
’ analogous to the production of sodium 'chromate from sodium hydroxide and 
chromic anhydride. .Oxides exhibiting this double function are called 
amphoteric q rides, arid their hydroxides amphoteric hydroxides (rife, infra, 
p. 227). 

Hydroxides, Basest, Alkalis. —The monoxides of the alkali metals 
’combine readily with water, forming solid substances termed alkali 
hydroxides ,' e.y. , 

K 2 0+ H„0 = 2K01J. 


■ The monoxides of the alkaline earth metals also unite readily with water to 
form hydroxides, e.y. 

CaO 4 ILO - Ca(0 H) 2 , 

' Hydroxides corresponding to the weakly basic oxides such a^ zinc oxide and 
aluminium oxide are known. They cannot be prepared* directly lrmn an*” 
- oxide and water, hut .arc obtained leadily by double decomposition ; e.y. zinc 
k hydroxide, /$n(01l).„ is precipitated when potassium hydroxide solution is 
-added to a solution' of zinc cb,bride— ' 

ZiiCl„ + 2K.OI I = Xn(OH)j-f 2KC1. 

i For reasons which cannot be entered into here, hydroxides are regarded 
*' as compounds containing the hydroxyl ^radicli? (OH), a view which accounts 
ftame and the method engiloyed in writing their formula). 
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r t . The term base is now usually employed in inorganic chemistry'to mean 
basic hydroxide. The hydroxides of the alkali metals arc also l^iown as 
alkalis. The basic character .exhibited by an am '<>us solution of ammonia 
is attributed to the existence in the solution of. ammonium hvdroxidb 
(NH 4 )OH, in which the ammonium radicle (Ml.,) exhibits the characteristics 
of an atom of metal. 1 

The normal hydroxide corresponding with the oxide M,0 ;/ : s M r O tf ylI 2 0* 
or, as it is written, The normal hydroxides of most basic oxides 

are known, and, by careful drying, may often be made to yield hydroxides^ 
with a smaller water content. Such hydroxides are sometimes met with as 
minerals, e.g. ditispore, A1 2 0.,.H 2 0. The hydroxides of the acidic oxides 
constitute the oxyaci3s, and it is seldom that normal hydroxides, in which 
hydroxylation is at a maximum, can lie realised. For example, the normal 
hydroxide corresponding to l’ 2 () f) is P(OH) 6 , but the most fully hydroxy laterl 
hydroxide known is orthophosphoric acid, TT 3 P0 4 , i.c. P(01f) 5 - U.A 2 ****“ 

Salts. —A salt is a compound derived from an acid by the replacement 
of the acidic hydrogen by the metal or basic radicle such as (Nil,), (U0 2 ), 
etc.; accordingly acids arc often described as “salts of hydrogen.” A general* 
method of effecting the replacement, by the interaction of iTn acid with, a 
basic oxide, has already been mentioned, 3 The terms normal and avid salt 
have also been explained (p. 1%). Substances known as Intstj sa/(s maybe 
looked upon as compounds of normal salts with basic oxides or hydroxides, 
as salts of basic mdicles or as hydroxides in which part of the hydroxyl has 
been replaced by an acid radicle. Bismuth oxychloride or basic bisifiuth 
chloride, for example^ may be represented as Bit T, Bi 2 O g or BiO.t.'l, accord- < 
ing to the view adopted, and basic lead chloride as Pb('l 2 . Pb(OH 2 ) or 
Pb(OH)Cl. There Is little doubt that mayy “basic salts” described in 
the literature are simply “mixtures. 

The salts of the hydrncids must be carefully distinguished Trom the com¬ 
pounds of non-metals with the halogens, cyanogen, (1o. The latter are ndt 
salts; tney cannot be formed from basic <>xi<les and the requisite acids, and 
they exhibit none of the characteristics of the salts of the hydrin-ids. Thus 
they are decomposed by water (hydrolysed), the chatige being irreversible, e.g. 

BBr 3 VW 2 0^ B(OIl) s + 3fIBr; 

0 

they are easily volatile, frequently being liquids at ordinary temperatures, 
concentrated sulphuric acid does not affect them, and they -ye readily soluble 
in such solvents as ether, chloroform, benzene, etc. The halogen compounds 
of th* metalloids approach these compounds in some of their properties; but 
each mettflloid forms at least ono oxide possessing b^sic properties, and con-. 
# sequently yjplcte halogen compounds which may be formed by the ordinary 


1 Sco this series, Vol. II. 

# 2 Tho name ortho-wv 1 is applied iy .ie most fully kydroxylated ecuhicnown 

that corresponds to a particular anhydride. An r )id, the moiecmle of which may^ te 
regarded as derived fioin the molecule of an ortho-acid by bhe loss of a wholn ntimber of~ 
molecules of w’ater is called a meta-t\cu\ ; e.y. HPO„ i.c, (ll 3 l'Oj - ILO), h termed metapfiQf^' 

S boric acid. The tenn /»/ro-acid denotes an acid* the niofecule of which is'regarded M 
erived in a similar fashion from two molecules of ortho-acid; e.y. H 4 B>0 7 , i.e. (2H 3 P0 4 - H a 0), 
is called pyrophosphoitc acid. # • , 

3 A salt is saifl to correspond to or to be a erived from the basic oxide from xvhfth 
be thus obtained ; and the terminations • ous s#nd - * whiclf are applied to the namSrot the 
basic oxides are also mod in naming salt$ Thus the chloride cpnespotiding to ferrottr 
oxide is called ferrewa chloride, that de.iived from feme oxido is called feme ehharido 1 



I'xjipthod for obtaining salts, namely, from the basic oxide and acids, ,<Svqi& 
sftfehbugh the salts thus formed nro decomposed by water. In short, the 
'.reactions between the oxides and acids are reversible . 1 

Hydrates. —Many* acids, bases, avd salts enter into combination with 
water, forming crystalline solid substances known as hydrates, the composi¬ 
tions of which are in conformity with the ordinary laws of chemical combina¬ 
tion. For ex irnple, when zinc sulphate is obtained from an aqueous solution 
at the ordinary temperature, by evaporation of the solvent, it separates as 
, k the heptahydrato ZnS0 4 .7H 2 0. In general, the composition of a hydrate 
. is such that it may be represepted as x molecules of acid, base or salt, 
•associated with y molecules of water. Hydrates often lose water very 
readily when heated, leaving behind either the anhydrous substance or a 
lower hydrate, i.e. one containing less water; these changes are reversible. 
J£ is customary to speak of hydrates as containing “water of crystallisa-, 
tionj 5 " although, since many crystalline substances do not contain any such 
.water, the expression is misleading; the zinc sulphate is said to contain 
.seven molecules of water of crystallisation . 2 

Double Salts and Complex Salts.— Many instances arc known of 
combination between salts, two and sometimes three single salts uniting 
together in simple molecular ratios to produce a substance which, in the solid 
State, possesses physical properties quite distinct from thoso of the single 
sails. These substances frequently contain water of crystallisation. For 
example, the substance 3N II 4 Cl.ZnCl 2 can bo crystallised out from a 
solution containing zinc chloride and ammonium chloride, and the substance 
* FeS0 4 .(NlT 4 ).,S0 4 .6IL0 from a solution containing fcrrous sulphate and 
v ammonium sulphate. 

In aqueous solution many c« e these substances bqhavo in the manner that 
Would be expected of a mere mixture of the constituent simple salts, and they 
are accordingly called double or triple salts as the case may be. Examples 
are known of double ‘salts derived from two different salts of the samp acid; 
*.g. K. j) S0 4 .Al./ v S0 4 ) 3 .24H 2 0, from two different salts of the same metal; e.<j. 
Hg(N0 3 ) 2 .2HgS, and from two different, salts af two different acids; 
e.g. kainite, MgS0 4 .KCl.'SlI 2 0. Of those types tho fir^t is by far the most 
■ .frequently observed. 

-x. The formation of a double„salt from two single salts is a reversible process. 

: When the two salts have a common ion, the systems formed from the double 
\ Salt, single salts and water are three-component systems. The assemblage 
the four phases mentioned constitutes a univariant system, and hence, to 
-any particular pressure there corresponds only one temperature, the transi- 
:-tion^point, at which equilibrium is possible. For example, at aomospheric 
..pressure, copper calcium acetate decomposes at 75° into the single salts. * 

Ca(CJI 2 0 2 kCu(C 2 k 3 0.,),;8H,0 = Od(G a H,O i -\..H, 2 0 

■■ 4-c»(o;ii 3 o 2 ),.h 2 o+6h 2 o. 

• 1 ' 1 1 <r , 

-Above ‘75° tho double salt does'not permanently exist, but breaks up into the 
^single salts; the reverse holds below that temperature. It will be noticed 
: .that the water of crystallisation of the double salt is greater than that of the 


'non-nietal# are further distinguished from metals by the property of forming 
~volatile hydrides; the few metallic hydrides known are not volatile. 

a Tor the application of the Phase Rule to the study of hydrutes the reader is referred 
works cited on p. 177. 





salts. 


single 'Salts. The reverse is the case'with astracanite, MgS0 4 .Na 2 S0^4R$,i 
formed in accordance with the equation 

MgS0 4 .7J l 2 0 + Na/J0 4 . i01f 2 () - MgS0 4 .N; _ 3 0 4 .4H 2 0 + 131I 2 0, * 

and consequently the double salt is stable above tho transition-point, in this, 
3 ase 22 *, and not below it. . ,£ 

The thermal changes accompanying such transitions are due mainly ft) \ 
hydration or dehydration, and those processes are. attended with evolution? 
iftd absorption of heat respectively. It is therefore not difficult to sec that- 
the directions of the changes in the exanjples given aro : n accordance with, 
Ld Chatelier’s Theorem . 1 r 

In distinction to tno double salts properly so called, there exist substances^, 
which maybe formulated as double salts and which can usually he produced 
by tho union of two single salts, hut which in aqueous solution differ; 
remarkably from the original salts. The compound SNaCl.PtClfHS^An 
jxample. From the properties of chlorides it would he expected that six 
molecular pioportions of silver nitrate would he necessary to react with onq 
)f the compound; hut only two are required. The precipitate, however, is. 
not silver chloride, hut has the formula 2AgCl.PtCl 4 . "The “ double 
chloride” imujt, in fact, ho looked upon as the sodium salt Nn.,[Pt01 fl ] of a 
complex acid TTJPtClJ, the precipitate obtained with silver#nitrate being 
tho •corresponding silver salt AgJPtt’lJ. Tlio acid radicle of these salts 
is p'tcij. • ; 

Examples of complex salts are very numerous. The ferrocyanides"and" 
cobalticyanides, for example, are sails of the complex acids, H 4 [Fe(CN) fl ] and^ 
H 3 [Co(CN) ll ], and not merely double cyanides. Accordingly, they do not give, 
the reactions usual!) associated with iron and cohalt salts respectively {vider 
infra, p. 221 ). * * 


„ ElectrotaSis. 

Introductory. Nomenclature and Faraday’s Laws*—Tlie various-- 
substances through whHi an electric current can bo passed may he divided k 
into two groups. The passage of electricity through a member of the first ‘ 
group is not accompanied by any chemical change ; Die metals belong to tins ' 1 
group. Members of the second group, however^snfter chemical decomposition* 
when the current is passed through them. Such substances are termed,-. 
electrolytes , and the process of decomposition is called electrolysis. • 

Electrolytes comprise fused salts and solutions of acids, bases, and salts’/' 
in various solvents . 2 Tho following brief account 3 of the subject of elec^* 
trolysis dfcals only with aqueous solutions, except s where tho contrary is.': 
m expressly stated. It should he mentioned that pure water itself can scarcely^ 
be called an electrolyte,* its conductivity fvide mvfra, p. 227) being exceed‘d 
ingly small. * • 't| 

' , As a typical example of thp process of electrolysis,/.lie decompqgiJjion of; 
dilute sulphuric acid mry ho described. When two platinum plates, oofy* 


1 For tho further discussion of doublo salts, victe the w£rks cited on p. l/7, and Mteaf 

Freund, Soience Progress, 1907, 5, 135. • '"fi 

2 It is a common practice to consider th^ the term “ salt ” includes the ideas of 1 ‘ acid 
and * ‘ base,” in A#hicn case “ electrolyte ” and ‘ ‘ salt ’’become synonymous. * K Jf 

3 The reader is referred to tho following wodcs forlurthefinformation : Ldhfeld tfWectro^ 
' chemistri/ (Longmans Co., 1904); Loblaifl, Electrochemistry } translated by Whitney and* 
:: Brown (Macmillan & Co., 1907); Whetham, Theory of Solution (Camb. Univ. IVess, l902li 




,iy,. > • • '* ,V V, . A , 

touted by wires to the terminals of a battery or other source of tho electric - 1 
•.current, <are immersed in the dilute acid, it is noticed that bubbles of gas ' 
appear at tho platinum surfaces. The gas libe^ited at the surface of the 
“plate &t the higher pofjpntial is found, to be oxygen; that evolved at the ■ 
other plate proves to be hydrogen; and if the current continues to flow 
for some time and precautions are taken to prevent mixing in the solu- 
# tion, it is ftyind that round the higher potential plate the concentration 
of sulphuric acid increases, while round the other plate a diminution in 
■ concentration occurs. 

When a dilute solution of popper sulphate is similarly electrolysed, 
^metallic copper is deposited upon the platinum plate at the' lower potential, 
while oxygen is evolved at the other plate, around which sulphuric acid is 
formed. Ultimately, all the copper becomes deposited, and a dilute solution 
of sulphuric acid remains which yields hydrogen and oxygen as previously 
1 de&klrd. 

Each of the preceding arrangements constitutes an electrolytic cell. The 
^plates which serve to convey the current into and out of the liquid are termed 
electrodes ; the one at the higher potential, i.e. that by which current enters, 
is called the I anode , the other being known as the cathode. Theso terms are 
due to Faraday , 1 who was the first to make an exhaustive study of this 
subject. Fuifl/lay’s idea of tho mechanism of electrolysis did not differ 
greatly from that proposed in 180C by (Irotthus; the substance undergoing 
decomposition was supposed to be divided into two parts, which travelled in 
opposite directions towards the electrodes. The “ bodies that go to the 
oloctrodes ” Faraday called ions ; the cation travels to tjjo cathode, the anion 
to the anode. 

Davy showed that there is t no accumulation of electricity in any part of ’ 
a voltaic circuit, but that a uniform flow exists throughout. The quantita¬ 
tive laws of electrochemical decopqmition were discovered by Faraday 2 and 
are as follows : (i.) thd- amount of decomposition of a given electrolyte is pro • * 
portiou<d tit ike quantity of electricity which flows through it, andT\ ii.) trie 
- quantities of different substances liberated by the same quantity of electricity 
are in the ratios of their Chemical equivalents. 

The electrochemical equivalent of a substance is defined Us the mass of the 
.*■ substance liberated by one coulomb of electricity (one amptVe flowing for one 
Becond). Faraday^S Laws may therefore be re-stated thus: the amount of 
a substance liberated is equal to the product of its electrochemical equivalent 
and the number of coulombs passed, and the electrochemical equivalents of 
substances are proportional to their chemical equivalents. ». 

Careful experiments have shown that Faraday’s Laws are ecaet. For 
/example, the chemical'equivalent of silver is 107 88, and that pf copper 3 is^ 
$1*790; their ratio is 1 :0*j?9468. The electro-chdmieal equivalents are in 
the ratio of 1 -1175 Vo 0*32929, 4 t>. of 1 to 0*29407. The laws, moreover, 

1 Fajaday, Experimental Researches in Electricity , 1839, vol. i. p. 195. 

8 Faraday, opus cit., vol. i., Seventh Series of Researches. 

V 3 Mean c of results from (i.) composition of cupiic bromide; (ii.) composition of cVipric 
oxide; ana (lii.) replacement of silver in silver nitrate by copper, Richards, Proc. Amer. 
A<tad., 1891, 26 , *240; Clarke, A Recalculation of the Atomic H'evjhts (Smithsonian 
’Collections), 3rd edition, 1910. , 4 

IjLRic'nards and Ileimrod, Proc, Apwr. Acrid., 1902, 37 , 415. See altw Gallo ( Qazzetta, 

1 9007 * 36 , ii. <J16); Kreider (Amer. J. Sci. , 1905, fiv.], 20 , 1); Washburn and Bates 
(/. Amer. Chon. Hoc., ,1912, 34 , 1341, 1515) ;<und Bates and Vinab(/foV., 1914, 36 , 916), on 
the ratio df the electrochemical equivalent? of iodine and silver. / 
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jjapply td the electrolysis of fused salts ; 1 and Richards and Stull found ho 
\ difference between the electrochemical equivalents of silver when deposited' 
v fi : ) from an aqueous solution of the nitrate, and (ii ) from a solutio/i of the 
vnitrate in a mixture of fusec^sodium and potassium nitrates . 2 Solvents othet* 
than water have also been employed, e.y. pyridine and acetone, and the 
electrochemical equivalents found (o be identical with those obtained when 
water is the solvent . 3 * * * * * * * 

From the many careful determinations of the electrochemical equivalent 
of silver that have been made , 11 it appears that the value cannot differ 
appreciably from Id 18 mgms. per coulomb. Hence, the gram-equivalent of 
silver is liberated by the passage of 107 ' 88 /fl 001 11S 9(i,f»00 coulombs; and 
by Faraday’s Law thi? quantity of electricity, known as a “faraday, ,,- wijl 
liberate the gram-equivalent of any other suhstane that the current is 
capable of separating. 

The* nature of the products obtained by electrolytic (icconipnsition^sveg 
little doubt as to what the ions must he. In tin* case of a salt solution, the 
cation is a metal, and the anion an acid radicle, c y. the ions of copper 
sulphate are copper and the sulphate radicle (S0 4 ). The cation of an* 
ammonium salt is the ammonium radicle (NIT,); that of all aciik is hydrogen, 
the anions bcin# acid radicles. In the case of bases the cations are metals, , 
while the anion is the hydroxyl radicle (OH); e.y the ions of sodium hydroxide 
are sodium and hydroxyl. * 

The ability lo # function as cations is characteristic of metals; the non- 
metals form anions, either as such, or in combination with oilier non-metals, 
forming a compound ion or acid radicle. A metal may, however, form part 
of an anion, e.y. the afiion of potassium permanganate is the MnO,, ladiclep 
further, the cation of ammonium salts is an example of a cation composed 
of non-metals. • • 

To account for the quantitative phenomena of electrolysis it is necessary 
. to suppose that the motion of the ions through the electrolyte j s associated 
with tho '.notion of electricity. The gram-equivalent of each iyn»is regarded 
as conveying one faraday of electricity to the eleetiode towards which it 
moves. In accordance with the laws of electrostatics, cations must carry a 
positive, and anions negative charge; whence the metals and non-metals 
are known as electropositive anl dcctroneyalive elements respectively. When . 
the ions reach the electrodes, they give up tfteir electric**charges; what 
happens subsequently depends upon tho chemical nature of the ions, the 
electrodes, and the solvent. The ion, deprived of its charge, fnay be liberated 
in the # free state, e.y. hydrogen and copper at the cathode in the examples 

1 Lor nu*ZeUsrk. Elc/clrochcm., 1900, 7 , 277 ; 1901, 8 , 758 Richards and Stull, Proc, 
timer. Acad., >002, 38 , 409. 

2 It has also been shown that tho ihctroolieniie^l equivalent of silver is independent of 1 
the pressure from 1 to 1500 atmospheres (Cohen, ZeU'di. EldtrodSm., 1913, 19 , 132). 

3 Kahlonberg, J. 1 hysical CJicm ., 1900, 4 , 349 ; Skinner, lint, Assoc. Report, 1901. * 

•Rayleigh and Sidgwick, Phil. Trf/ns., 1834, 775 , 411 ; F. andSV. KohlrausclT, fried.' 

Annalcn, 1886, 27 , 1 ; Patterson nnd Cut he, Ph/s. Review, 1898,7, ^57 ; Kahhf, Wied. 

Annrten, 1899, 67 , 1 ; Richard^, Collins, and Hemirod, Pi or. Amer. Acad., 1899, 35 , 128 ; * 

Richards and Heimrod, ibid., 1902, 37 , 415; Richafds, ibid f 1903, 44 , 91 ; Guthe, Phys\ \ 

Review, 1904, 19 , 138; Van Dijk and Kunst, Ann. Physik, 1904, 14 , 569 ; Van 

1906, 19 , 249; Smith, Mather, and Itnvry, Phil. Tran ■?., 1908, A, 207 , 545 ; Laportb ani 

de la Qorce, Bull.Soc. internal EledriacnsfWU), io, ii. 157 ; Jaeger And von St«inwekr 
Zeitsch. Instrumc/uenh unde, 1908, 28 , 327, 35:^; Uo#a, Vi ml, and ArDani^, Bulk^d.S, 
Bureau of Standards, 19J1, 8 , 367 : Puschal* and Ilulett, Trans. Amer. Eleefrochem. Sod] 

1907, 12 , 257 ; Foerster and Eiscnreich, Zcitsch, j/hysikal. Cjicm., 191 f, 76 , 043 . ; 
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■fehe' uni-univalent, uni-bivalent, and bi-bivalent salts respectively. 1 With - 
substance, such as ammonia, which in aqueous solution have very small 
equivalent conductivities the influence of concentration is enormous, and the 
„data, even for very dilute solutions, do not indicate that a limiting value is 
being approached; from indirect evidonce, however, this is assumed to be 
the case. 

Kohlrausch observed that the limiting values of the equivalent con¬ 
ductivities of electrolytes could be represented in each case as the sum of 
<two independent quantities, one depending solely on the anion, the other on 
tho cation; these parts are called ionic conductivities. The values for a 
number of ions are given in the accompanying table; the differences between 
tho two series of values for 18° and 25° give an idea of the rate at which tho 
conductivity of an electrolyte changes with temperature. 2 

**' J " TABLE OF IONIC CONDUCTIVITIES. 


Ion. 

18°. 

25°. 

Ion. 

18°. 

25°. 

Ion. 


25*. 

Cs' . 

OS'O 


ir 

3H*5 

35(H) 

r. 


00 -0 

76-5 

TV . 

* 05 9 

70-0 

IV . 

00 8 

71-u 

a:. 


05 5 

75‘8 

Nil.' . 

01 7 


Bd“ . 

* 55 4 

05-2 

NO,' . 


01 8 

7'Hi 

K‘ 

04 o 

74-8 

Oa” 

51 -9 

oo-o 

Bin/ . 


47-0 

51-8 

AgV . 

54 0 

63-4 

Mg" . 

15 0 

55 0 

*> 1 " ■ 


08 5 

80-0 

. 

43*4 

5T2 

Cu” 

45-9 


F. (C-N'V 


95-0 

110-5 


Tho preceding regularity, known as Kuhlrausch’s Laic, is assumed to hold 
good in all cases. On this assumption it is easy to deduce indirectly the 
values of A^ for such substances <as ammonium hydroxide; e.g. in tho case 
mentioned, the required limiting value is the sum of tho ionic conductivities 
of the ammonifiin and hydroxyl ions, and these can be obtained from data 
supplied by other salts for which A^ may be directly.determined. 

Migration of Ions; Transport Numbers.— In,accordance with the 
View already explained, electrolysis is considered as a process resembling 
convection, a constant stream, of cations moving with tho current and carry¬ 
ing positive electricity to tho cathode, and a stream of anions conveying 
negative electricity in tho opposite direction. In the interior of an electrolyte, 
therefore, the total current is the sum of two currents which may be termed 
the cationic and anionic currents respectively. Although the cations'and 
anions are discharged at tho electrodes in tho ratios of their chemichl equiva¬ 
lents, it does not necessarily follow that the cationic and anionic ‘‘uiTentfj are ,■> 
’■equal; their relative magnitudes depend upon the speeds of the cations and 
\anions, which in general are not equal. u 

V The relative speeds of the ions in a given colutioYi may be determined by 
passings measured quantity of 'electricity through the solution and estimat¬ 
ing the changes in concentration in the portions of the solution immediately 

. >' r * A uni-univalcnl salt yields two univalent ions, < s g. NaCl yields Na‘ and Cl'; a uni- 
• HvaJent salt yields two univalent ions and a Hvalent ion, e.g. Na^SO/yields 2 Na' and 
BaCL yields Ba” aqd 2 C'; a bi-bivalent salt yields two biValent ions, e.g, 
'^CuS0 4 yields t\i" and SO/, etc. * p 

■' For values at tcmiwiatuves between 0° C. atid 15(1° C. see Jolmstlm, J. Amcr. Chem. Soc., • 

31,1010. 

“i v* 
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-surrounding tlic electrodes. The first measurements of'this kina were made 
by Hittor?, 1 who correctly interpreted them as indicating that,*the ions 
moved with di fie rent speeds,* For details oi the experimental methods, 
which have to be adapted to suit particular eases, iv’lerence must bo made 
to other works. 2 The relative speeds of the anion and cation are proportional 
to the changes of concentration around the cathode and anode respectively, 
provided that care is taken to prevent mechanical mi'ing, that the 
experiment is not prolonged for a sufficient length of time to lead to a change 
of concentration in the middle portion of the solution. 

The results of migration experiments ar<* expressed by means of transport 
or transference numbers. For the ions of a given electrolyte these, numbers 
are such that (i.) they are proportional to the relative speeds of the ions, and 
(ii.) their sum is unity. They therefore represent the cationic and anionic 
currents as fractions of the total current. The transport numbers for the 
ions of a uni univalent electrolyte are, in dilute solutions, practical*/ inde¬ 
pendent of the concentration, and the same is true for uni bivalent electro¬ 
lytes, with the exception of the halides and sulphates of the bivalent metals, 
for which the cation transport number steadily increases with the dilution. 
With rise of temperature, transport numbers above 0*5 decrease, and those 
below 0-5 increase, so that the difference between the speeds of the ions oi 
an electrolyte diminishes with rise of temperature. 3 u 

4s has been remarked already, since an electrolyte obeys Ohm’s Law, ii 
follows that the speed of an ion is proportional to the potential gradiont 
The speeds U and V of the cation and anion under unit potential gradient 
(one volt per cm.) are called the mobilities of the ions, and, on the convcctivi 
view of electrolysis, it may he shown that 

k = 96,500^U + V}, 

in which k and y are measured in the units, already stated, and U and V in 
•eras, per second. Now, the transport numbers are proportional to 1J and V; 
hence, by combining them with measurements of k and y> it'ls possible to 
calculate the mobilities oj the ions. 

The ionic mobilities thus deduced are very small, amounting to only a 
few centimetres pet hour, and they are found to increase with the dilution, 
approaching, however, toward;? limiting values. „T[»s will b<j,at once evident 
from what has been stated already concerning the variation of */*/, the 
equivalent conductivity, with the dilution. Moreover, the limiting -value for 
the ionic mobility of, say, the chlorine ion, is found to be the same for all 
electrolytes in which chlorine is the union, i.c. it is independent of the nature 
of the cation. This is only another way of expressing Kohlrausch’s Law, 
which is thus soon to be in accordance with the convective view 7 of electro¬ 
lysis, 'provided that the ‘ions arc supposed to possess complete migratory 
independence. * 

The preceding equation, for extremely dilute solution,become.* -* - - 
*«,=(-) =9«,500(U M +V W ). 

\ y /ij- o * i 


1 Hittoif, Po<jg.* Aifkalai, 185.1, £ 9 , 177 ^ 185»i, 98 , 1 ; 1868 , 103 , 1 , 1859, £ 06 , 8|7>- 

513 ; Ostw&ld’s Ktyssiker, Nos. 21 and 23. , 4 

2 Kg. the woiks mentioned on pp. 201 and 201. * * 

8 For a collection of tie available data 01 * tiansquut numbers, and a critical discussion- 

of the same, vide Noyes and Falk, J. Amer. Cltfn ^ Soc,, 1911. 33 , 1430. 
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i.'&ohjrausch’s ionio conductivities are therefore 96,500 ana 96,500 
•In order to express the conductivity of a solution of finite concentration in, 
^terms of and V w , the equation must he written 

‘ «- 96,500,+V fl8 ) > r 


in which y is a proper fraction, which varies with y, its significance will he 
discussed late;;. 

- It remains to b6 mentioned that ionic mobilities have been 'measured 
^Jirectly by various experimenters, with results in good agreement with those 
, calculated by the method outlined above; owing to lack of space, howevor, 
?the reader must be referred to r other works or the original memoirs for 
..details of the methods. 1 


i Tiie Theory of Dilute Solutions. 

In 1885 Van’t Hoff 2 pointed out that a remarkable analogy existed 
between dilute solutions exerting osmotic pressure (p. 124) on the one hand, 
and gases under ordinary pressures on the other. lie arrived at his results 
by thermodynftuiic reasoning, the conception of a semi-permeable membrane 
(p. 123) rendering it easy to apply the second law of thermodynamics to the 
investigation pf the properties of solutions. 

In the case of a dilute solution of a perfect gas iu ;f solvont, the solubjlity 
conforming to Henry’s Law (p. 101), the following remarkable result was 
dedficed:— 

The osmotic pressure exerted by the substance in solution is equal to the 
pressure that the substance would exert if it existed in the yaseous state at 
the temperature of the solution and occupied a volume.equal to that of the 
solution. „ * * 

Accordingly, at constant temperature the osmotic pressure of the solution 
is proportional to the*concontration; at constant concentration the osmotic . 
pressure is 'proportional to the ‘absolute temperature; and, if V, Tj and Y 
denote the osmotic pressure, absolute temporature and volume of solution 
containing one g^m-molicule of solute, then 

PV = RT, 

/where R is the ordinary gas constant (p. 27). 

Van\Hoff's deduction amounts to an extension of Avogadro’s Hypothesis 
to dilute solutions, and may be put in the form that equal volumes of all 
■dilute solutions which, at the same temperature, exert equal osmotic, pres¬ 
sures, contain equal numbers of molecules of solute; this number*moreover, 
being the same as the number of molecules contained in an equal volume of ■ 
perfect gas at the same temperature and under a pressure equM to that of 
the osmotic pressure 'of the solutions. * » 

i „ Thq preceding generalisation, theoretically deduced for dilute solutions 
»of perfect gases, uas assumed l\y Van’t Hoff to hold good for dilute solutions 
^of all solutes. Pfeffer’s measurements of osmotic pressures (p. 124) supplied 
valuable confirmation of /,his assumption, but were not very numerous. 

" 1 Vide the works cited on p. 204, and Whetham, Trans., 184 , 337 ; 1895,' 

A, % l 86 , b07 ; Masson, ibid. , 1899, A. 192 , 33?; Steele, ibid. , 1902, A, 108 , ,105 ; cf. Lewie, 
m 'J, Amr. ChS,n. Soc., 1910, $1, 862. % 

* 7 / v 3 Van’tHoff, K. &venska. Vet.-Akad. Hrt.ull., 1885, 21 , 38 ; t ZcUsch. physifeal. Chenu 3 \ 
X, 481 ; Phil. Mag., 1888, [v.j, 26 , ,81. 
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' '• means of the laws of thermodynamics it is possible to connect the 
osmotic pressure of a solution with its vapour pressure 1 and freezing-point; 
( hence the accuracy of Van’J Fotfs views may be tested from measurements 
of vapour pressures and freezing-points, which are x i* 11 less difficult to deter¬ 
mine experimentally. This course was adopted by Van’t Hoff, who showed 
that if his theory were correct, then all the laws relating to the lowering of 
the vapour pressure (p. 114) followed as a necessary consequent. Moreover, 
he proved that Kaoult’s “molecular depression of the freezing-point” 04 a 
solvent 2 should be equal to 0*02T 2 /L, T being tho absolute temperaturo of 
freezing, and L the latent heat of fusion ^)f the solvent in calories. The 
following results suppled the experimental confirmation of this deduction:— 


Solvent. 

T. 

I,. 

■02 p 

Kaoult’s 

Molecular 

Water. 

273'0 

_ 

79 

IS-9 

Depression#*' 

18*5 

Acetic acid .... 

289 7 

43-2 

38 8 

38 6 

Formic acid .... 

281 -5 

55-6 

28 4 

•277 

Benzeoo . ... 

277 9 

29 T 

53 

30 

NitrobonXenc .... 

278-3 

22*3 

69 5 

70-7 

Ethylene dibromule. 

280-9 

12*94 

122 

yr-'j 


Van’t Holt’s theory is therefore seen to hold good for dilute solutions, 
and Kaoult’s Laws receive a theoretical interpretation. 8 

It is desirable to explain more fully what the term “dilute” really 
signifies. A dilute solution, to which Van’t Hoff’s theory is strictly applicable, 
must be such that its J voliyne does not differ appreciably from the volume of 
the solvent contained in it, and the heat* of dilution must be nil. I 11 rnap-y 
solutions to which the term “dilute” is usually applied, e.g. tenth normal 
•solutions, these conditions are by no means fulfilled; in particuliy, the heat 
of dilution is frequently appreciable, and molecular weight determinations 
made with such solutions may therefore be considerably in error when 
deduced by the usual formulas given in Chap. IV? * 

A complete thedry that will include concentrated as well as dilute solu¬ 
tions within it^scopo still rem.ains to be formulaU-c^ Attempts towards the 
solution of this problem have, however, been made by introducing tho con¬ 
ception of an “ideal solution.” Tho general characteristics of such ^solution 
are: (i.) the number of different kinds of molecules present is equal to the 


1 For the#exact connection, see Beikeley and Hartley, I*roc lion. Soc., 7906, A, 77* 

156; Phil. Trans. „ 1906, A, 206. 481 ; 1908, A, 209 , 177 ; Spells, Proc. Pay. Soc., 1906, 
A, 77 , 234 ; Potter, Proc. Roy+Soc., 1907, A, 79 , 519 ; 1908, A, 80 , 457 ; Callemlar, Pr 0 » 
Roy. Soc., 1908, A, 80 , 466. # • * , 

2 The depression produced by 0110 gram-molecule of solute in ono hundml grains of 

i solvent, sec p. 122. • - 9 _ * * • , * 

f - ••Translations of Van’/, lloff’s and Kaoult’s papeis yill be found iit Harpers Scientific 

'/Memoirs, 1899, No. 4. , , 

* t 4 * * * Jior example, the molecular weight, of sodium in meieury solution was found %y vapour* 

e measurements (Kamsay, Trans. Chem. Soc., 1?89, 55> ^‘ { 3)to bo 16 5 in a solution 


Containing 1 gram atom of sodium to 35 '8 gram-molecules of mu-cury; tho correction 
> necessary, owing to the ft,ct that the lifat of dilution of the solution is far from negligible, 
-*;s about 6'2 (Bancroft, J. Physical Chem., 1*06, 10 , 319), whence tin# corrected result is 
J ^ 22 ’ 7 , showing that sodium in dilute solution 91 mercury i* monatomic. The deviation 
‘.’•found by Ramsay may Jpe explained on tlfr assumption that the* combination oceurs 
"-between the sodium and mercury. 

L. I. u 
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number of constituents of tlio solution; (ii-V the physical properties of the- 
solution ^are connected with the physical properties of its constituents in the 
pure state by the equation-- , 

'* X = xN+a; , N' + /N"+ ... 

in which X is the molecular property in question ( e.g. molecular volume, 
molecular refraction, etc.), x (j/, x" . . .) the molecular property of a con¬ 
stituent in tfio pure* slate, and N (N', N". . . ) its mol fraction; 1 aftd (iii) the 
partial vapour pressure p of a constituent having a mol fraction N is given by 

* 

p 0 being the vapour pressure of the pure substance m # oho liquid state at the 
same temperature. Quite a number of solutions are known, the physical 
properties of which, over a considerable range of concentration, agreo well 
wiW** 4 j»ose deduced from the conception of an ideal solution . 2 

An “ ideal ” solution, to which the preceding characteristics apply, must 
be an extremely simple kind of solution, in which solvent and solute mix 
f without change of volume or liberation of heat to produce a solution in which 
, the components arc; present in their normal molecular state, association, 
dissociation, or combination not having occurred. The extent, then, to 
which the properties of a solution deviate from those of the “ ideal ” solution 
may be expected to throw considerable light on the •nature of the processes 
operative in solution ; and from this point of view strong evidence haw already 
been forthcoming of combination between solute and solvent in numerous 
instances with the production of “hydrates” or “solvates’’ in solution . 3 

Returning to the consideration of dilute solutions, It should he noted that 
the solutes with which Raoult worked were mainly organic substances, as 
also were his solvents. Occasionally a solute war ‘met with which e hibited 
a “molecular depression” only about one half the normal value. A simple 
explanation of this isrto assume that the molecules of the solute are largely, 
associatedvii^ pairs in the solution, and that each “complex” produces tho 
effect of a single molecule. With aqueous solutions, although a large number 
of solutes exhibited the molecular depression IS*5, fcven more gave a depres¬ 
sion of about twice this figure. At first sight it would ‘ stym that the higher 
figure was tho normal depression and tha£ the solutes, mainly organic 
substances, giving a depression of 18*15, are abnormal, being -“associated” in 
aqueous solution; but the value 18*5 is the normal figure calculated from 
Yan’t Doffs equation, and it is therefore the higher figure that needs an 
explanation. As has been already mentioned, this was supplied by Arrhenius 4 
shortly after the publication of Yan’t Iloff’s theory. He pointed out that 
the abnormal solutes are mainly salts, inorganic acids and bases, aqueous 
o.solutions of which, in contradistinction to the solutions of nornftil sub&tancoU, 
are conductors of electricity; and he suggested that in aqueous solution the 
molecules j)f acids, bases, and salts are largely “dissociated.” The Theory of 
Electrolytic Dissociation, proposed by Arrhenius, will now be discussed. c 

1 The 1 mol fraction of a constituent is equal to 1 /util of the number of molecules’of the 
constituent present in n molecules of the solution. 

c 8 See van Laar, Zeilsch. physiknl. Chem., 1894, 15 , 457 ; Lewis, J. Amcr. Churn. Soc. : 
1908, 30 , 668 ; Washburn, 1 hut., 1910, 32 , 653. ’ 

v 8 Sfo e,g, Wiiihburn, Technology Quarterly, 1908, 21 , 360, or ddhrb Rculioaktiv, 
EUJcVronik.p '1908, 5 , 501; Cullendar, Pm. Hoy . Sue ., 1908, A, 80 , 466 ; Zeilsch. physikal. 
'Chem., 1908, 63 , 641 ; and also the section <?n hydration that octurs later in this chapter, 

4 Arrhenius, Zeilsch. physical. Chem H 1887, I, 631. 
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ACIDS, BASES, _ AND SALTS. 

Tub Theory op Electrolytic Dissociation. 

Introductory. —From the fact that (with non polaiisable electrodes) 
)hm’s Law holds good in tlfe case of electrolytes weaver the magnitude of. 
ihe electromotive force applied, a very important result follows: in the 
nterior of an electrolyte, no measurable amount of cheimcal work can be 
iccomplished by the current. The generally accepted explanation, first 
idvanced by Clausius, 1 is that the function of the current is merely directive,, 
controlling the directions of motion of ions which are already present in the ( 
solution in a state of migratory freedom. 

The products of electrolysis appear simultaneously at the electrodes as 
joon as the current fl&ws, no matter liow far apart the electrodes may be. 
From the very low values of the ionic mobilities, therefore, it follows that the 
first ions discharged cannot have been in combination with one another at 
the moment preceding the passage of the current. The eaily liy^:,a*esis 
due to Grottlnis 2 regarded the current as actually decomposing into ions the 
molecules of solute in the immediate vicinity of the electrodes, the inter-, 
mediate molecules thou exchanging partners; the following scheme sufficiently 
illustrates the idea:— • 



Flo. 72.-(ir Before cuiient; (n), (iii), (iv), (v) occur sucuohsn el y when cm rent 
Hows, aftd this process is contiiiuoujy repeated. 

• • i 


Faraday, however, disproved tl*is idea by showing that# the eldMTii# forces 
were the same everywhere between the poles, v • 

Qlausius pointed out that on the hypothesis of Giotthus it should lot be 
possible to pass a current through an electrolyte ^mtil the electromotive 
force applied exceeded a cerbyn finite value - a conclusion that is notin 
harmony with experiment, lie supposed that the molecules of somite are 
- ■? . # *' *.• 

1 Qlausius, Pogy. Ant&lcn, 18;»7, ioi, 338. . 

* Grottlius, Ann. Chim ., J806, 58 , 5gl. 



2?f' ODERN I^ltaAKfo tRjtBSfisrKTf, 

'alw&ys'moving about in the solution in a most irregular nianrier, being'4nvea.;, 
first one way and then another by collisions with other moleculto. As thd^ 
result or collisions between molecules moving with speeds in excess of- the.'; 
average, some of theseimolecules get broken up iLto part molecules carryingb 
electric charges, i.e. into what have 'already been termed ions. Collisions 
betwoen oppositely charged ions lead to the re-formation of a certain number 
of molecules^ but this is compensated for by the further breakdown of other 
molecules, so that a certain amount of the solute in a conducting (solution is 
to be regarded as existing in the form of ions. When an electric current is, 
passed through the solution, it simply causes the cations and anions already 
present to drift in opposite directions towards the electrodes; the undis- 
sociated molecules by their impacts supply more ions, Vhich in turn travel to 
the electrodes, and so on. This theory is purely qualitative, giving no idea 
of the extent to which dissociation occurs, and the assumption of quite a small 
degree of dissociation is sufficient to account for the fact that Ohm’s Law holds 
for conducting solutions. 

The ideas of Clausius were developed iuto a quantitative theory by 
Arrhenius, 1 whoso theory of oleotrolytic dissociation is now generally accepted, 
at any rate as a valuable working hypothesis. Arrhenius supposed that the 
molecules of acids, bases, and salts are, as a rule, largely dissociated into 
their ions it^ dilute solutions. For instance, a solution of sodium chloride 
will contain a certain percentage of solute as ordinary molecules, but the 
remainder (and larger proportion) of the solute will be split up into the ions 
Na ; and Cl'. The undissociated molecules take no part in conveying the* 
electric current, the current being, in fact, due simply to the motion of the 
electric charges associated with the ions. 5 

On these assumptions it is possible to arrive at a measure of the degree 
of dissociation of a substance in solution from •jbnductivily measurements. 
Imagine two‘large, rectangular, parallel plates to serve as electrodes, placed 
• 1 cm. apart, and suppose 1 c.e ol an electrolyte containing 1 gram-equivalent 
of solute e.c. of solution lo«be placed between the plates, the oeluran of 
. electrolyte having a uniform cross-section. The conductivity of this solution 
will be K, the specific conductivity. If, however, the entiro v o.c. be placed 
between the plates, the conductivity measured is equaHo t’K or K/rj, i.e. to 
the equivalent conductivity of the solution. »With a potential difference of 
: 1 volt between\ho*plate$ t'he conductivity will be numerically equal to the 
current,: and this, according to the views of Arrhenius, will be proportional 
to the number Af ions supplied by the gram-molecule of solute, and to the 
mobilities of the ions. The latter, of course, depend on the resistance offered 
to the passage of the ions through the solution, i.e. they depend bn. the 
viscosity of the solutidn. Now, the viscosity of a dilute solution only differs 
"•"from that of the solvent at the same temperature by 1 01 * 2 per* cento, 

. and hence the mobilities of the ictus may, in dilute .solutions, be regarded as 
practically# independent of the concentration. T)ie important conclusion is 
A therefore reached‘'that the variation of life equivalent conductivity A* of a 
* solution with the concentration is due almost entirely to a change in the 
numberof ions furnished by 1„ gram-equivalent of the solute. Accordingly, 

J since A increases as the concentration diminishes, the degree of dissociation 

* 1 Ah'henius, Zejtsch. physiforf. C'ltcm ., 1887, I, 031 ; Harper’s Scientific Memoirs, 1899, 
No. an interesting account of th 6 development of the theory is given’by Arrhenius him, 
$V&olf in J. Amer. Ghtm. Soc., 1912, 34 , 3t>3/.and in his Faraday Lecture to the Chomica 
j-i .Society ( Trans . Ghtm, Soc., Iff 14, 105 , 1414). 
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<jf an electrolyte must increase with the dilution, until, in extremely dilute 
Solutions, the dissociation is complete. 4 

The preceding considerati ins concerning ionic mobilities justify the 
method (adopted on p. 208} of expressing the eqi..v«ilent conductivity of a 
dilute solution in terms of the ionic mobilities at infinite dilution, by the 
equation— 

A = * — 4-V^); 

• V 

and since A^ = ^ = 96,500^11^ + ), 

it follows that * A — yA^. 

Now A and A^ have been’shown to be proportional to the numbers 0 ! 
ions furnished by the gram-equivalent of solute in the respective solutions, 
and since A^ refers to a solution in which dissociation is coinploto, iHs clear 
that y must represent the fraction of the solute dissociated in the solution of 
equivalent conductivity A; in other words, y is the decree of dissociation of 
the solute. Hence the percentage amount of the solute dissociated into its 
ions in a dilute solution of equivalent conductivity A is equal to 100 y, where 



.This relationship was deduced by Arrhenius . 1 * * * V 

Degree of Dissociation of Salts. —The degree of dissociation of electro¬ 
lytes, as determined Iw conductivity measurements, may now be brielly dis¬ 
cussed, the values at tne ordinary temperature (18° C.) being dealt with first. 

So far as salts are concerned, a general wile may be stated ; with few 
exceptions, salts of the sam 8 ionic type" are dissociated to very nearly the 
same degree in solutions of equal conoeiitijitions/* Accordingly, it is only 
•necessary to quote the results for a few typical salti?; this is (June in the 
following table (c/. the values of y given on p7 205):— * 


PERCENTAGE* DISSOCIATION OF SAC.TS AT # 18 9 C.« 


Normality 

Sodium Lithium 

Calcium 

Potassium 

Lanthanum 

Copper 

Lanthanum 

* Solution. 

Chloride. 

lodate. 

1 Nitrate. 

1 

Sulphate. 

Nitrate. 

1 Rblphate. 

Sulphate. 

o-ooi 

977 

97'0 

95'4 

95'4 


86-2 ; 


o-ooe 

96-9 

95 8 

93*7 

93 7 

90-2 

80-4 

46-4 

0'01 

• 93-6 

91-2 

87 6 

87 2 

80-2 

62 9 

. 28-9 

0-05 

88 -2. 

83-4 

781 

77-1 

70-1 ’ 

45 5 

19-8 

• 01 . 

88'2 

78-9 

l 73 1 

72 2 

... 

39 6 

. 

0*2 

81-8 

74-0 

67 9 « 

67-3 • 


• 35*1 


0 5 

77-3 

68-2 

60-9 , 

6V8 

... * 



TO 

• 

74-1 

64*3 

• 

•• 54-9 * 

59 2 

0 

1 ^0-9 ! 

• 

• • • • 


A normal solution contains 1 giam-equivalent of solute per litre • 


1 For a correction to allow for cluinge of viscosity with change of concentration, see 

Washburn, J. Airier. Chem. Soc., 1911, 3 3, 1461 ; Green, Trans. Chem. Soc* 19Q£, 

,93, 2049. • 2 Cf. footnote op,p. 206. 

8 The latter being measured in gram-equivalents per unit wdurae. 

V 4 Taken from the collection of data giyen*by Noyes and Falk, J* Amer. Chem. Soc., 

34.454. 
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The halide salts of the alkali metals all give values very clqpe to thos&, 
quoted for sodium chloride, whilst the nitrates, chlorates, bromates, and 
iodates are dissociated to very nearly the some extent as lithium iodate' - 
(rather greater, as a 'rule). The figures for calcium nitrate are typical of 
those of the uni-bivalent„salts of bivalent metals, with the exception of a 
number of mercury and cadmium salts, for which the dissociation is 
abnormally small; ,the values for potassium sulphato are characteristic of 
those given by uni-bivalent salts of dibasic acids. It will be noticed, by 
comparing salts at the same (equivalent) dilution, that the degrees of dissocia¬ 
tion of salts yielding a univalent ion decrease as the valency of the other ion 
increases; but that even a uni-tervalent salt is more largely dissociated than 
a bi-bivalent salt, ,which, in its turn is dissociated more than a bi-tervalent 
salt. The degree of dissociation of acids and bases will be discussed 
later (p. 219). 

Tlie- variation of the degree of dissociation of an electrolyte with the 
temperature has been investigated by Noyes and others for a considerable 
number of substances, at temperatures between 0° and 306° O. 1 Tn general, 
the degree of dissociation, at a fixed concentration, slowly decreases with rise 
of temperature, the rate of decrease increasing as the temperature rises; the 
values at 0° 0. and 18° 0. do not differ appreciably. r 

Degree 'of Dissociation from Freezing-poipt Measurements.— 
It was pointed out by Planck, 2 shortly after Van’t Hotf had published bis 
investigations on osmotic pressure, that the abnormally great osmotic 
pressure and other correlated physical properties of dilute solutions of electro¬ 
lytes required the hypothesis of some form of cleetrolyt’c dissociation. These 
properties depend upon the number of solute molecules per unit volume of 
solution, and not upon their nf.ture, and Arrhenius.assdined that each ion in 
solution produced the same osmotiu effect as that of an ordinary molecule. 
Accordingly, in very dilute solutions of electrolytes the molecules of which 
. produce tw,o ions, the “ moleculp depression ” of the freezing-point should be 
exactly twice the normal value, deduced from measurements with non¬ 
electrolytes, or calculated from Van’t Hoff’s formula; solutes the molecules 
of which yield three ions, should give three times %e normal depression, 
'ana so on. „ 

In extremely dilute .solutions, accurate determinations, of molecular 
depressions of the freezing-point are very difficult, hut, employing the refined 
method'of differential platinum thermometry, Griffiths and Bedford 3 have 
determined the molecular depressions for a number of electrolytes. The 
' normal value for aqueous solutions, calculated from Van’t Hoff’s formula, 
is 18\58° C., and Griffiths actually arrived at this rosult for Solutions of 
£gne sugar between 0 02 and 00005 molar. Extremely dilute solutions o,f 
potassium chloride "ave a< molecular depression almost exactly twice this 
value, 4 and Bedford obtained depressions of twice'the normal value with 
potfissiiifti permanganate and magnesium culphaVe. Barium chloride „and 
sulphuric acid gave almost exactly three times the normal depression, whilst 
* with potassium ferricyanide four times the normal depression was actually 


•. 1 Noyes anff others, Carnegie Institution Publications, 1907, No. 63; J. Amer 
?he»*-Sor..J,m, 30 , 335 ; lp09, jl, 987, 1010 ; 1911, 33 , 795, 1423. •’ 

2 Planck, Wied. Annalen , 1887, 3 2 i 4ff<3.«. 
s Bedford, Proc. Roy. Soc., 1910, A, 83 , 454. 

4 Le. within the limits of Experiment*.! error. 
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observed. u These results aro exceedingly interesting and significant, boiii 
' exactly what would be expected according to the views of Arrhenius. 

Owing to dissociation being incomplete in ordinary solutions, thefliolecula 
depressions will not be exactly twice, thrice, etc , the normal value, but sown 
what less, and from the observed values it is pos ibte, ns Arrlmnins pointe 
out, to calculate the degrees of dissociation of the solutes, and tlioreb 
institute a comparison between the results obtained ui this manner and 
those deuuced from conductivity measurements. If ?/# f n molecules of a 
solute are dissolved in water, and n molecules dissociate, each yielding k ions, 
the osmotic pressure will be proportional to m -f nk instead of ni + n. The 1 
degree of dissociation y will be equal to • 

n 

m + it 


Now the ratio (m + nk ) : (m \-n) is equal to the ratio of the observed tpole- 
cular depression to the normal value, and is usually denoted by t. [fence 


m + kn 
in - 1 - n 


m +■ n m + n ’ 


or 


i - 1 


fn order to illustrate the nature of the agreement between values oi y on- 
tained in this wa/, from freezing-point measurements, and those derived from 
conductivity measurements, the. values of i may he calculated from the values 
of y given by the relationship 


A. 



and these values of i compared with thos$ actually measured? This is ddne 
for a number of typical salts in the following table : ♦ 


COMPARISON OF .VALUES OF i DERIVED FROM FREEZING- 
POINT (f.p.) AND CONDUCTIVITY MEASUREMENTS (cj. 


Normally. 


0-005 

o-oi. 

0-02. 

3* 

■=* 

0'10 # 

0 20. 

*0 

0 '50. 

KCI . 

f.p. 

1-96 

1 94 

1-92 

1-89 

1'86 % 

1 83* 

1-30 


c. 

1-96 

1 94 

1'92 

1-89 

1 ‘86 

1 83 

178 

RatS.. . 

f.p. 

.. 

2*76 

2-71 

2 64 

2 58 

2 52 


• 

c. 


2 77 

2-70 

2'liO 

2‘ft 2 

2‘44 


Pb(NO,).» * • . 

f.p. 

2 78 

270 

2-61 

2 15 

2 39 

2‘14 

1*85 


c. 

•2'7 7 

2-69 

2 f.y 

2 12 

2'27 

2 12 

1 '9 V 

U(NO,), . 

f.p. 


• 

* 

23 

..V12 

3-07 



c. 

... 



3 Iff 

2‘99 

2 fiJ 


WON), . . 

f.p. 

$ 68 

• 3 60 

3 33 






•c. 

3-61 

3 48 

y 


• 


"T 

m s so 4 . . 

f.p 

1 69 

1 -62 

1 54 

1-12 

1-32 

1-22 



1-74 

1 67 

1 60 

1 51 

1 -50 

MO 


Ca 2 FofCN) 0 . . 

f.p 

. c 

... 

::: . 


]-5f 

1 '55 

1 40 

1 -50 

1*80 

T47 



I * '•.• ~'m 

1 Adapted from thejlata compiled by Noyes and Falk, J. Jmn-. I'hrm tine., 1912, 34 , 
485 ; also ibid., 3910, 32 , 1011. • # 







& 1 1 will be seen at once that the two' methods 'do'not give identical results, • 
ipd the differences as a rule are considerably greater than possible differences') 
;>8ne to experimental error, particularly with salts which yield polyvalent ions, 
The general parallelism between the two series of results is, liowever, 
unmistakable, and the Values clearly increase with the dilution towards the 


theoretical values for complete dissociation, although die value of i for 


oalcium ferrocyanide in 0 05 normal solution is far from the theoretical 


value 3. 


It is beyond the scope of this work to enter fully into the various causes 
< which may possibly be responsible for the discrepancies observed between the 
.two series of values. A short acctnnt dealing with hydration and intermediate 
and complex ions only can bo given. It should, however, bo mentioned that 
oven with uni-uniralent salts for which the agreement is good, the result is 
. almost certainly due to a compensation of errors, the undissociated molecules 
having an abnormally large, and the ions an abnormally small osmotic effect. 
Fiirthe?; the existenco in solution of double molecules of a solute such as 
Mg s (S0 4 ) 2 , for example, would lead to values of i by the freezing-point method 
.'Smaller than would otherwise be the case. 

Intermediate and Complex Ions.- Hitherto it has been assumed 
that the dissociation of salts of the types X01 2 (XBr 2 , X (.V bb, etc.), Y 2 S0 4 , 

• and XSO, follow the simple schemes XC1 2 —>X" + 2(JI', Y 2 SU ( — *Vi' + S0 4 ", 

' and XS0 4 —*X’" + S0 4 ". It is, however, possible that salts of the first,two 

types may dissociate in stages, thus (i.) XC1 2 —»-XCr + Cl', (ii,) XCT—»X" + Cl'; 
and,(i.) YjS0 4 ->Y' + YS0 4 ', (ii.) YSO/—»Y' + S0 4 "; and that therefore the 
intermediate ions XOl' and YS0 4 exist in appreciable quantity in moderately 
\diluto solutions. Or it may bo that complex molecules df salts of the first and 
third types, such as. X 2 C1 4 and X 2 (S0 4 ) 2 , exist in the solutions, and dissociate 
according to the schemes X 2 C1 4 —»X" + XC1 4 " and. X 2 (S0 4 ) 2 —»-X" + X(S0 4 ) 2 ", 
furnishing complex ions XC1 4 " and X/S0 4 ) s ", which dissociate more and more 
.with increasing dilution aocording'to such methods as XC1 4 "—>X" + 4Cr and 

X(so 4 ),/-»>'•+2 so 4 ". 

Werner 1 was one of the first to recognise the existence of complexions 
and to realise their impo-tance in electrolytic dissociation. His researches 

- and theories will \ks discussed in Volume IX. in connection.with the complex 

oobanammines. 1 

It is not difficult to seedhat if moderately dilute solutions of salts contain 
appreciable quantities of complex or intermediate ions, the transport numbers 

- of the iofe should in all probability vary with tho dilution . 2 For a large 
number of uni-bivalent and bi-bi valent salts the transport numbers of the 

’ iOns are practically independent of the concentration up to 0'2 nortpal, which 
may possibly indicate tin absenco of intermediate and complex ions to any 
..auoreciable extent . 3 The transport numbers of the halides and sulphates of' 
" bivalent metals, how,ever, dfecroasa steadily and rqpidly with increasing 
-concentration, which may'be accounted for bv assuming that complex ions, 
suchta BaMlj' and Cdg(S0 4 ) 2 ", are formed itT considerable quantities at tile 
' higher Oonocntrations. 

{«' . At prehent it is not possiblo to determine with accuracy the extent to 


. 1 Werner, Zeitsch. anorg. L'/iem., 1893, 3 , ‘29b ' ... 

i .' The yin Bad', for instance, would migrateto the cathode, but of the jons Ba" and Cl, 
ointo .w%h it is resolved by dilution, the Cl' travels to the anode. 

-. 3 This conclusion is, however, not necessarily correct; flee Noyes and Falk, J. Amer, 

. iBhem. Soc., 1911, 33 , H36; Falk, ibid., 1910, 32 , 1555. 

■ v ev . . k * 
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whioh intermediate and complex ion formation occurs, and accordingly, fc 
uni-bivalent salts and those of higher ionic types, a certain amount i 
Uncertainty is attached to the meaning of the ratio A/A ^ which has in til 
preceding pages been regarded as a measure of elec '’-</.ytic dissociation. It: 
clear that complox ion formation will lead to abnormally low values of i b 
the freezing-point method. 

Hydration in Aqueous Solution.-- So far the ions of a n dt have bee 
regarded simply as atoms or groups of atoms, carrying electric charges < 
opposite sign and migrating under the influence of a potential gradier 
quite independently of one another. The # considorations upon which thi 
view has been based % do not, however, require the ions to be free from a 
chemical combination, and there is considerable evidence that in aqueon 
solution most ions are combined with the solvent to varying degreei 
Probably in many cases tho undissociatod molecules are also combined wit 
the solvent, and it is doubtless true that numerous non-electrajfte* i 
aqueous solution are likewise “hydrated,” 1 each molecule combining wit 
a certain number of molecules of the solvent to form a more or less stab] 
complex molecule. 2 • 

Walker and his co-workers 8 concluded that in a number *of cases con 
bination with the solvent is the necessary precursor of electrolytic dissoci: 
tion, although such combination does not necessitate that# dissociatioi 
Bouafield and Lowry, 4 liowovor, have gone a step further and regard hydr 
tion’as essential to dissociation, the heat of hydration affording the energ 
necessary to disrupt the molecule. If such is the case the dissociated sofir 
must be hydrated to ft greater extent than the undissociatod solute us othe 
wise there is no force available for producing dissociation. 

Only one or twotif tljo reasons brought forward in support of the vie 
that ions are hydrated ca*h be discussed.' 1 * Considering, for example, t) 
alkali metals* it is observed that the ordey of increasing ionic mobilities' 
also the order of increasing atomic weight and atomic volume:— 

Li. Na. K. Kb. # C*. 

Atomic weight .• . (! <4 23-00 3^10 85 45 132-81 

Ionic mobility^' 18° . 33-4 43-1 64*5 W-5 08-0 

The revors^ would naturally be expected to.hpld good,/lie heavier ioi 
migrating at a slower rate than the lighter ones, just as in the diffusion ■ 
these metals into mercury, for which it has been shown 6 that th<? rates' 
diffusion increaso with decreasing atomic weight. An explanation of th 

• 

• 

1 The terms “solvated” and “solvation” are employed to denote similar ideas whi 
Iblvento other than water arc considered. 

2 Various attempts have been made to frame geicral theories of solution from the poi 
of view of hydration, without, having lecourso to the ionic tlnfbry, but none of these can 
said to have met with general* acceptance. The reader may be referred to* !.<ouley#ai 
Muir’s Dictionary of Chemistry (Longmans k Co., 1$94, vol. iv.), Article on sotytior 
part 2 ; also to Armstrong, Chem. News, 1911, 103 , 97, and Ann. Report Ckem. Soc., 19C 

' 4 , 17 “21 ; 1908, S, 21; 1911, 8 , 13 ; Lowry, Science Progress, 1908, 3 , 124. • 

8 Walker, M‘liitosh and Archibald, Trans. CkevifSoc., 1904, 85 , 1098. 

4 Bousfield and Lowry, Phil. Tnuts., 1904, 204 , 282; Trans. Faraday Soc., 1905,' 
197; 1907, 3 , 123. - * 

8 For a valuabl* summary of the evidence bearing op the subject of hydration irt^oluti? 
see Washburn, Technology Quarterly, 1908, 214 360; or Jtthrb. Radioaktiv* Elek&onit 
:i908, 5 , 504. • • 

\ 6 von Vogau, Ann. Physik,, 1907 , [iv.J, 23, 389 . 
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'anomaly is forthcoming' if it be assumed that the ions of the alkali metals» 
-are hydrated, the number of molecules of water combined with one charged 
atom of metal diminishing as the atomic jvoight increases It is then 
possiblo for the ion 0 ! (lithium to he heavier than tho ion of ctesium, and 
so account for its lower mobility. 1 , 

It has been found that ionic conductivities increase with rise of tempera¬ 
ture in a manner that corresponds very closely to the change of the 
fluidity (reciprocal of tho viscosity) of water with change of temperature. 

Ill fact, for a number of slow-moving ions, the parallelism is almost exact. 

' This is not dne to increased dissociation, since this latter is actually retarded 
to a slight extent by rise of temperature. The increase in conductivity is 
attributable to greater ionic mobility consequent upon a change m the 
frictional resistance experienced by the ion in its passage throng le 
solution Tho remarkable fact that this resistance changes at almost 
pretiiseV’ the rate at which tho viscosity of water (which measures the 
frictional resistance that one molecule of water experiences m moving about 
Among the others) changes, led Kohlrausch* to believe that an ion is associ¬ 
ated with a certain nfimber of molecules of water, this water forming a kind 
of “atmosphere" about the ion and the “complex moving as a whole 
through the solution. The fact that a rise in temperature sligh ly decreases 
the extent ofe dissociation may be explained on the assumption that the heat 
tends to reduce the hydration of the ions and thus facilitates their mnpn to 

form umlissociated molecules. 3 ‘ , . . • .. 

'If the two ions of a salt are hydrated unequally, the passage of electricity 
• through an aqueous solution of the salt must result „m a not transference 
of water in one direction or tiie other, according to circumstances. If, then, 
a small quantity of a non-e.’eotrolyte be added to the solution, 'ts con¬ 
centration should increase around one electrodd and decrease 
other. By tins device, it has bpen shown experimentally that the 1011 s if 
hydrochloric acid, 1 aiVd of the chlorides of tho alkali metals. " are unequa y 

^Hydration, and lienee dissociation, may be expected to increase with 
dilution until a piiixinnun is reached after which further hydration has no 
Mflh t The average amount of water in combination need not he a whole 
number. In a)) probability it is an indefinite assemblage of aqueous 

moloculesr ^ hy(]ration> tho ca i cn i at ions explained in the preceding P a S“ 
must often be inexact, and the errors involved cannot as a rule be determined 
owing to lack of accurate data concerning the extent of hydration, tfydra 
tion of any kind obviously renders the statement of concentration, m terms 
?jl i solute pc/ part of solvent, inaccurate, since part of the solven 
feust be reckoned 1 asbebugin^ to the solute/ Acc.urfn.^y abdormel 
osmotic pressures, fteiug-point depressio.ls, etc., may be due m part to this 
oau&e, ■ ar.d the abnormality will be the njore pronounced the greate^the 


1 Eulcf tried. A nylon, 1897, 63 273 ; Bredig, Zcitxh. physical. Ohcm 189MS. W- 
» Kohlrausch, Proc. Ro j>. Soc., lilOS, 7b 338 i Sitmngeber. pro,m. Aland, true., 1902, 

H. 0. Jones and his co-workers, Jlmer. them J., 1910, 41 J 87 : ie,1 ‘ 4 6 . 240 
irfd 368', A. A. Noyes, Y. Kato »"4 Sosman .7. frur Chem. Soc., 1910, 32 , • 

4 Kuchbd.k Zeitsch. phyafkal. Chem., J906, 55» ww * iqiiq r»r <*99 • 

■ Washblm; t Technology Qmrterly, 1908, fci 287 ; or/. AmcuChem. Ar., 1909, 3 i, 322. 

r • Boasfield, Phil Trm, 19Q6, A, 2 q 6, 101. 
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'concentration of the solution. 1 Potassium and cfeaium nitrates arc excep¬ 
tions in that they behavo like ideal binary electrolytes.' 2 Hydration of the 
ions clearly renders measuremenis of transport numb rs slightly iiiaccurate. 
Since, moreover, it is probable that, in certain case t he degite of hydrafciQO 
of an ion changes with the concentration, 3 * * * * 8 a change which would doubtless^ 
alter its ionic mobility, the possibility of an error due to this cause in taking 
A/A.^ as the measure of the degree of dissociation must be recognised.* 

Dissociation of Acids and Bases.- Salts, with* few exceptions, are 
largely dissociated, the extent varying from 40 to 85 per cent, for difVeront f 
salts in tenth normal solution. Acids and bases exhibit a much greater 
variation in this respect. The monobasic acids such as nitric, hydrochloric, 
hydrobromic, hydriodic, perchloric, chloric, biomie, iodic, permanganic, 
thiocyanie, etc., acids, are extensively dissociated in dilute solution, the 
values comparing with those for uni-univalent salts; in the case of the first 
four acids mentioned, the values are even greater. Hydrofluoric acid is 
much less dissociated, only, in fact, to the extent of 7 per cent, in normal 
solution. Nitrous, hydrocyanic, and acetic acids (and a host of organic 
acids) are only dissociated to an exceedingly slight degree (see p. 223). 

The polybasic acids aro not dissociated to so great an # exteflt as the 
monobasic acids just mentioned above. The quantitative relations, too, are 
rendered extremely complicated by the fact that the dissociation of these 
acids proceeds in stages, and hence a number of different kinds of anions 
are present in solution. Tims, sulphuric acid, one of the most largely 
dissociated of the dibasic acids, dissociates in two stages— 

(i.) H^o^ir + nso; 

(ii.) HSO, + 

Tn very dilute solutiofr* the concentration^’ SO/ exceeds that of HSO/, 
but in most concentrated solutions the reverse obtains/' Phosphoric acid, 
H 3 P0 4 , dissociates in three stages— * 

(i.) If,P0 4 IP-piI.,P() 4 \ 

(ii.) ILPO,'”—If* -I- I IPO," 

’(iii.) HPo/'^-ir + po;".* 

fn a solution containing one ^ram-molecule in ten litres, stage (i.) protjfeaft 
to about 28 per cent. Dissociation as represent^ by (ii.) is slight, and as 
represented by (iii.) almost negligible. Pyrophosphono acid H,P.,0 7 dis¬ 
sociates in four stages, of which the first two occur to a •considerable, the 
last one practically to a negligible extent.*' 

1 Hee Jcflies and liis co-workeis, Amcr. Chem </., 1901, 31 , 356; 1909, 33 , 534 ; Zeitsck. 
physikal Chem. ,.1906, 55 , 685. Blitz, ibid., 1902, 40 , 185; 1903, 43 , 41 ; 1906, 56 , 463. 

•Suntg; ibid,, fl)02, 39 , 385. • • 

2 lliltz, loc. at. ; .Talin, Zeilsch. physikal. Client., 190%, 33 , 5^>; 1900, 35 , 1 ; 1901, 37 *. 

490; Nernst, ibid. , 1901, 38 , 487. * 

# 3 lliltz {hoc. cit.) and Joflos (Zcifrch physikal. Chnn , 1906. # 55 , 385jf .jtttjjiqiod to 
determine the extent of'ionic hydration, and both im\v agree that it iAcmis>ei with dilution. 
Bousfield {ibid., 1905, 53 , 257) has airived at the same conclusion 

‘'Interesting examples of the simultaneous occurrence of complex 1011 formation and' 
hydration are furnished by the halide salts of eoppcT and colfaltsee Ponnan and Bassett, 
Trans. Chem. Soc., 1902,' 81 , 939 ; Vaillant, Aw. Chhn. Phys., 1903, (\ii.), 28 , 218 * 
Kohlschutter, Ber., ft04, 37 , 1168; Le\ys, Zeilsrh. physikal. Chem., 1906, 56 , 223; 
Denham, ibid , M>09, 65 , 641. # • * 

- ° Luther, Zeitsch. Elcktiochnn., 1907, 13 ,21^5; Noyes anti Eastman, Candtr/ie IMUtution 

Publications. 1907, 63 , 474 ; Noyes and Stuart, J. Amcr. Chem. Sty . , 1910, 32 , 1133. 

8 Abbot and Bray, J. Amcr. Chem. A *oc., 19^9, 31 , 760# 
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^'CArWuic, hydrosulphuric, and boric acids, H. 2 CO c , fL,S, atjd H 8 B^2'i 
Respectively, likewise dissociate in stages; but in these particular cases theV 
first stage proceeds to an exceedingly slight degree, and the remaining stages- 
to an even smaller extent (see p. 223). f * 

The very soluble inorganic bases, namely the hydroxides of the alkali 
metals, are dissociated in aqueous solution to about tiro same extent, as ; 
uni-univalent palts; tho hydroxides of barium, strontium, and calcium rather 
less. Ammonium nydroxide, howover, is only slightly dissociated, tho 
/extent in normal solution being less than 1 per cent, (seo p. 223). 

Some Applications of the Dissociation Theory.— The neutralisa¬ 
tion of hydrochloric acid by sodium hydroxide in diljite aqueous solution, 
expressed in the ordinary way by the equation— 

NaOH + HCUNaCl + lJjO, 

should, according to the ionic theory, bo represented thus— 


Na’ + OFF + H‘ + Cl'« Na* + Cl' + TT 2 0, 

since hydrochloric aci<^, sodium hydroxide, and sodium chloride are almost 
Completely dissociated, whilst water is only dissociated to a minute extent. 
The change may therefore be expressed simply as 

H* + OH' = H,(). 

Obviously this expresses the essential character of the change whatever acid 
^>r base be chosen, provided that both are largely dissociated in dilute solu¬ 
tion. The heats of neutralisation in all such reactions? should therefore be 
equal, and, as lias been seen already, this is found to bejhe case. From the 
.data already given (p. 1(57) it follows that * * 

H‘ + OHV- H«0 + 13*7 Cals. 

When eitlief t,ho acid or,the bast is only slightly dissociated in dilute solu¬ 
tion, the observed heat of neutralisation is practically 13*7 Cals, plus the 
heat of ionisation of the t*cid (or base, as the case may he); that is to say, 
thf.«$pm of tho heat tones of the reactions * * 

(i.)" HA = H* + A'%nd 
(li.) H* + 0H' = H 2 0. 

C , 

The heat of neutralisation may therefore be greater or less than 13*7 Cals., 
since in some cases (i.) is oxothennic and in others endothermic. , 

The Law of Thermo-neutrality (p. 167) is readily explained,. Supposing, 
for instance, that dilute'aqueous solutions of sodium sulphate-and potassium 
! nitrate are mixed, it is readily, seen that no appreciable change in the nature 
of the solution should bccyr, for potassium siYlphate aud sodium nitrate, the 
fornn*tio,u which might bo anticipated, tye dissociated to as great an 
extent,as the salts first mentioned, and all four, salts art* almost completely 
^dissociated, in dilute solution. Accordingly, no thermal effect would, be 
expected to accompany the mixing of the solutions, and none is, in fact, 

• observed. 

In general, ions possess an enormously greater degree' of reactivity than 
^nonuoiysbd moleetflos. The readiness and rapidity with whiefa acids, bases,, 
i&nd salts react are in marked contrast to the sluggishness with which many 
^reactions between organic .substances proceed. The subject of inorganic 



WMRMHTO analysis is wncwned almost exclusively «<’■ the riicfo M'»fW ij 
’An aqueous solution of hydrogen chloride, for instance exhibits the properties 
•associated with hydrogen ions and also those associated with chi',line ignS, 
'and therefore its degree #f 'reactivity towards otl,»r substances M «UM», 
different from that of a solution of 'hydrogen chloride m benzene or liqUW ; 
hydrogen chloride The degree of electrolytic dissociation of hydrogen 
chloride in the benzene solution or in the liquefied gas is excuv.mgly small,, 
and in these media iron, sodium, and calcium carbonate are scarcely autea 
upon; but aqueous hydrogen chloride attacks these substances with thft ( 
greatest readiness 1 

The conclusion that the reactions of •electrolytes are m gcnciftl the 
reactions of their ion% is of great importance, for it is iinUmil to attribute 
the specific properties associated with acids to the presence of hydrogen ions, 
and those associated with bases to the presence of hydroxyl ions m them 
aqueous solutions. It is therefore to be expected that the extent to wjucb 
these properties arc manifested by ail acid (or base) will depend «P<>» “6 
concentration of hydrogen (or hydroxyl) ions n. solution ; in short, that what 
maybe termed the relativo “atreiigtlm” of acids (or bases) may be inferred 
from the degrees of dissociation of the acids (or bases) in solutions* •• that are 
comparable, U arc of the same normality. The stronger the acid (or base), 
the greater the degree of dissociation. The relative strengths of acids and 
hascjs thus deduced are in agreement with those derived fiftin other con¬ 
siderations (vide infra, p. 225). . , . . 

The dissociation theory accounts in a simple manner lor the diflerciices 
observed between double salts and complex salts. For example, sodium 
chloroplatinalc, a corrfpilex salt, dissociates according to the scheme 

* .Na,Pt01 (i =^2Na - H- Ut(Il 8 ", 

whereas tho dissociation of astracanite ‘(p. ( 2Ul), a double salt,•takes place as 

follows:— .. „ 

Na„SO,|. MgS0 4 ——-2N a -I' Mg +2SO, . . ' 

In the. case of the (last-named compound, the solution does not givothe 
usual reactions of r chloride, since no chlorine ions arc psosent m solution; 
the second compound, however, behaves as a mixture of the Kinglets. 
That the anion of sodium chloroplatinate is 1TQ„ is shojni by initiation ■ 
experiments (p. 206), the platinum migrating with the chlorine towards JBe . 
anode. The recognition of the nature of complex salts by means of/migration 
experiments is due to flittorf (p- 207). .... , , „ . 

There is, however, no hard-and-fast line of division between complex , 
salts and‘double salts; the difference must he looked upon not as one of, 
' •kind„but oialy'one of degree. It must, be supposed, for instance, that the- 
■ anion PtCl 6 " dissociates further, pi us :— , » 

, ptoi/-, -Tt-' + ecr, 

■ though only to a very mimite extent, while tho possibility of tho existence of 
“ complex ions in astracanite solutions, such as Mg(S0 4 ), perhaps must be < 
. -recognised, though their concentration must lie quite tsmall. Kxamples ftje 

• An admirable account of the ionic tl.cofy, with particular reference to lt B pllca« 0 llS, 
r' . nn aiitQ+ivf> mialvfris in piven bv Stieglitz, QuaMdtive CiemKal Avatysi ^ 2 v Js. (Thtf 
^.'•Century Co., New^Yorl*, 1911 ; ill & So^.'london, 19 H); Bee also ^ Ostwald > - 

•• Joundationa oj Analytical Chemistry, translated^? 51 Gow^n (Macmillan it Co., 9 ). 
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■known in which each stage of the ionisation must be regarded ag "taking, 
place to an appreciable extent, e.r/. K 2 Ccl(CN) ( :— * 


K.,(M(CX) 4 ~-2K' + C£(QN T ) 4 ", 

' Cd(CN) 4 ,1 ^G , d" + 4(CN)'. 

The relative stabilities of complex ions is a matter of great importance in 
analysis. , 

Application of* the Laws of Chemical Equilibrium. The laws of 
^chemical equilibrium were applied to the study of ionic reactions almost as 
soon as Arrhenius’ theory appeared, each kind of ion present m solution 
being regarded as a distinct molecular species, behaving as a normal solute. 
The undissociated molecules arid the ions of an ionogen 1 in aqueous solution 
constitute a system in equilibrium, and the state of equilibrium alters with 
change of concentration. In reactions between ionogens, equilibrium is 
established with great rapidity. 

In the case of a uni-univalent salt, which dissociates thus, 


Al>—A* + B', 

the condition of equilibrium will be 


wh«*o a bracketed formula, as usual, denotes the equilibrium concentration of 
e the substance having that formula. Tf one gram-molecule of All is dissolved 
in v litres of water, and the fraction dissociated is y, then 

[A-M'-I -r-, [a i>j = * 

and hence « r 

• . a. v^ k, 

•: (i-y)* 

* 

. whoro IC denotes Ahe ionisation constant in the usual units., 

**^t r ne condition of equilibrium that would similarly bo expected for other 
. types of iouogei.s js easily obtained. Thus, in the case *of lanthanum 
sulphate, 

' ' U 2 (S0 4 ) 3 ^2La'" + 3S0 4 ", 


it would he anticipated that 


, leading to the relation. 


[i.rrTx[s<v 7 

|U 2 (Sb 4 )“] ~ ’ 


,(f-y y K * 


It ma} be stated at once that the equations thus deduced, and which 
connect the degree of dissociation of an electrolyte-with the concentration, 
ire not even approximately correct representations of the experimental results 
tor«salts^pr for ac,i,ds and bases that ai'e dissociated to moro ,|dian a few por 



1 7.c. a substance that dissociates into ions in solution. 

r i 
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rcentn in dilute solution. 1 In the case of weak acids and bases, however, 
these equations represent tho facts extremely well. 

In the case of a weak dibasic acid, such as carbonic acid, wAich dis¬ 
sociates in stages, tho relationships 


['.11 x [1100,;] d [Fr)x[co,"L K 

" 1 |U(X£] " 2 


are found 1 to hold good, and K, being called the jininaiy and secondary 
ionisation constants of carbonic acid. In like manner there are three ionisa¬ 
tion constants corresponding to the three > stages of dissociation of ortho- 
phosphoric acid, etc. v 

The ionisation constants of a number of weak acids and bases are given 
in the following table :— 2 


Acid 01 Base, 

j Equilibrium Ratio. 

3 

K. 

1 j* 

Phosphoric acid 

is [irj<[ii. J i’o;j/[ii.,ro,] 

1 - TO " 2 

• 

is 1 [ h ' 2 x r 111 , o 4 "]/£;ii 2 i‘o 1 'j 

18 ] [H']vU‘ 0 /"]/[m’ 0 ,"] , 

2*10 -7 

1 \ 10 13 

Nitwusacid . . . 

25 i [ir]\[NO a ]/fHN0 2 J 

5 v 10 < 

Acetic acid . ? 

25 . [irjx[Clf/’0./3/[(’H t r0OHJ 

1 SxlO - 5 

Cm borne aeid . 

18 ! rirjx[Hco;j/[H 2 <'0,] # 

3 ■ 10 '» 


25 ! [ II'J X [CO.," I/Clicb./] * 

7 10 » 

Hydrogen sulphide. 

IS [U-'x[HS] / |H.,S] 

9 x 10 « 

■ 

,25 [ir]x[S"l/[II8’J> 

1 aIO" 13 

Boric acid 

5r> [Ilix[li,li0 ; ,j/|.n,li0.,] 

7 x 10 '»« 

Hydrocyanic aeid . 

2, r . , |lf|.<|i'N'l/lHCNl 

7 x 10-» 

Ammonium hydmxidc . 

25 J lNirVlx|Oirj/![NH 1 OHri[NII ;1 |' ( t 18x10-* 

25 ; [N 2 ll t , |x[DII , l/{[N a H,OH|ifNJI ) 1!l| 3xl0-» [ 

Hydrazine 


* These, solutions; contain eaibon dioxide as well as carbonic acbMuoleniles and iop^ 
Hence the value for lv is really mueji too low (Thiel and Slroheeker, Ba\, ltd4, 47, 9tt»J. 

t These solutions contain ammonia and hydrazine, *11^ addition Jo the 1011s of the 
hydroxides and the undissociated hydroxide molecules. * 

Referring again to tho equation (p. 222) 

** = K, 

u r)" 


' it is ooyonu uiu scope ot this book to enter into j discussion of the causes of thin* 
disagreement; there an.*, however, good icasoiis wlfy ionic equilibria should not be expected 
to conform to the law of chemical equilibrium except at very small concentrations. See 
Stiefchtz, opus at., p. 1<»8 ; Walker, Mature, 1911, 87 , 29(5. It is fusible to express tho ' 
variation of 7 with tho dilution by empirical formula*. See Rudolphi, Zeitsch, p/tysikal, 
Chem>, 1895, 17 , 385; Van’t Holl’, ibuL, 1895, 18 , 300; Stmeli, tbi</., 18H 19 , 18; 
M'Dougall, ./. Avia. Chan. Ho ?., 1912, 34 , 855 y Kraus jand limy, ibid., 1913, 35 ,; 
1315; Kendall, Trans. Cheat. Soc, 1912, ioi, 1275; Mall. K. Vet. Nobclinstitut , 19^3, 

’ 2 , No. 88 ; J. Ainer. Vhem. Soc., 19*14, 36 , 1069; Partington, Trans. Client. Soc., 1910, 
97 , 1158. * .. 4 * 

2 For further data and references sie Laudolt-RoruJtein, PJa/.sikal'isat-Cheanscnc 'HabtlUn 
(Berlin, 3rd cd., 1912), p 4 1132 ; Noyes. J. Ajtvf. Chan. Soc., 1910, 32 , 860 ; Stieglitz, opus 
f cit., pp. 104, 106. 
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■which Is called Oswald’s Dilution Law, it is seen that when half the 
electrolyte is dissociated, l/2n is equal to K. Using the value g’ven above 
■for acetil acid, it follows that ono gram-molecule of acetic acid must be- 
diluted with about 30,pp0 litres of water before half the acid is dissociated; • 
and that an oven greater dilution is "necessary for those substances wittr 
ionisation constants smalleb than acetic acid. Hence, con/paring electrolytes - 
at the same (molecular) concentration, Uu ordor of increasing dissociation is - 
also the ordor of indreasing ionisation constants. The relative strengths of 
, weak acids (and bases) may be accordingly recognised by a comparison of 
' their ionisation constants. The small degree of dissociation of the acids and 
bases mentioned in the. preceding table will be readily perceived from the 
‘valuta of K there given j acetic acid, for instance, in docinormal solution 
{y equal to 10) is dissociated only to the extent of 1'3 per cent. 

It should be carefully borne in mind that salts derived from weak acids 
_ or bases^aro largely dissociated in solution, sodium acetate, for instance, being 
comparaole with sodium chloride in this respect. A simple means of 
- diminishing the acidic properties of a weak acid or the basic properties of a 
weak base is therefore possible; namely, to add a salt with a common ion, ■ 
as, for instance, sodium acetate to acetic acid, and ammonium chloride to 
ammonium hydroxide. In the latter case, the concentration*of ammonium 
ions is enormously increased, and in virtue of the relationship 

[Nii/]x[oir| ' 

, [NH.,011] ’ 

the concentration of hydroxyl ions must decrease. In other words, tho 
degree of dissociation of ammonium hydroxide is diminished, and that to a 
very great extent, since, as the concentration of uiicjissocialed ammonium 
hydroxide only varies by 1 or *2 per cent., an n-foVhincrease of concentration 
in ammonium ions leads to an w-folu decroaso in concentration of hydroxyl 
ions. This principle is frequently employed in analysis. 

The equilibrium between a solid salt and a liquid which, besides containing 
some of the salt in solution, also contains other electrolytes, is of great 
^importance. It was originally supposed 1 that in subh a system, at constant 
•j^mperature, whfie tho concentrations of the ions of the Salt could be altered 
by trie addition of other electrolytes, the concentration of the undissociated 
salt iu the liquid remained' constant. This supposition, combined with the 
.further one that the ionisation of the salt is expressed by the law of chemical 
" equilibrium, leads to the following condition for equilibrium between the solid 
salt and the liquid phase; the }>roduct of the ion concentrations, each raised 
'to the power corresponding to the number of that hind of ion formed by the 
dissociation of one moleude of the salt , is a constant. An example will make 
this clear. If the solid salt is calcium phosphate Ca !j (l’0 4 ) 2 , the' law of equr* - 
librium gives » ' » ♦ 

( |/V‘] s x [P0 4 "'J 2 = lv[Ca 3 (P0 4 ) s ] 

for thfi ionic equilibrium in tin) liquid phase ; and ju accordance with tho first 
: .assumption, [Ca.,(P0 4 )J is a constant for equilibrium between the soli^ and 
liquid phases. Hence i > 

« ' [Ca’] 3 x It’O/"] 2 -constant. 

This co*yrtant is failed the solnbility-pf-oihct of tho salt at pie temperature 
■-in quJstioiK- < ' , 

i.___ . . ____» ___ n _ '' 

v *' ‘ 1 ’Ncrmt,, Zeilsch. ptysikaV. Ckem,, 1889, 4 , 372. 
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The method of deriving the principle of the solubility-product just out-s 
lined is tuat by which the relationship was first deduced. Each of the 
assumptions there mentioned is now known to be iiu creel. It is, tiowever, 
not necessary to assume s# much in order to d- the prfiieiple, which 
follows from the assumptions that the ions behave as normal solutes, and 
that the nature bf ue solvent is not changed by added substances. 1 As a 
matter of experiment, the principle is found to hold good o dv for dilute 
solutions ill which the total electrolyte concent rat mu ft not greater than 
0*3 gram-equivalent per litre, and hence can only be applied to sparingly 
soluble substances.' 2 3 Salts ordinarily classed as insoluble, and in particular 
those met with as precipitates in quantitative analysis, are characterised by 
extremely small solubifity-prodnets. 

When the product of the concentrations of the ions of a salt in a solution 
exceeds the solubility product of the salt, precipitation of that sail occurs 
until the solubility-product is reached. It immediately follows that Alio 
solubility of a salt is less in a solution of a salt possessing a common ion than 
it is in pure water. Eor example, the amount of chlorine left in solution, 
when a solution of a chloride is precipitated with silver nitrate in moderate 
excess, is barely perceptible, although the solubility of silver chloride-in pure 
water is quite appreciable . 8 That is to say, the solubility of silver chloride 
has been diminished by the presence of silver nitrate, in solution.^ 

A salt passes into solution when the product of the concentrations of its 
ions in the solution is made less than the solubility-product. Two examples 
may be given. The organic acid oxalic acid is a weak acid and dissociated 
to a much less degree than its calcium salt at the same concentration. The 
calcium salt is almost fnsoluble in water. When hydrochloric acid is added 
to it, the anion of oxa’ic acid is removed almost entirely from the solution, 
since it unites with hydhfgon ions, present in great excess, to form qn- 
dissociatecl oxalic acid. Hence, the solubility-product of calcuuA oxalate not 
being maintained, solid salt passes into solution until idle solubility-product 
is again reached. The increase in concentration of the calcium, rtuis in the 
solution is such that calcium may ho readily detected therein by the usual 
reactions, i.e. calcium oxalate is soluble m hydrochloric acid 

Silver cyanide is very sparingly soluble in water. The additioy „ rt f., 
potassium cyanide solution wof.ld, in the light of the preceding discussion, be 
expected to dintinish its solubility, but it is found lt> dissolve*the precipitate. 
The explanation is that the reaction 

Ag* + ‘2CNAg(CN),/ 

occurs in tl*e, station, and since the complex ion Ag(ON)./ is a stable ion, the 
concentration of the silver ions in solution is reduced to .*? very minute uuanlity. 
Silver Vnlorkfe accordingly dissolves; the complex salt K[Ag(CN)J canxfu- 
crystallised out from the solution • * • * 

Strengths of Acid& and .Bases. — The expressions “strong,” *nd 
“weak” are frequently implied in order to describe the relative chejnical 
activities of acids and of bases. In contrasting an acid such as hydrochloric 
with another such as bydrosulphurio, it is casf from ^chemical considerations 
to decide that the first is “stronger” than the secoitd ; the problem #f 

1 Washburn Amer 6 'hem. Sue., 1">0, 32 )# 488. 

2 Stieglilz. ibid, 1908, 30 94$. • 

3 Richards and Weils, ./. Agnn. Chou. Soc. t 1905, 27 , *481. 
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comparing the relative strengths of, say, hydrochloric and sulphuric acids, is 
more difficult. 

In order to arrive at a quantitative estimation of the relative strengths of 
acids, equivalent amojyits of two acids may bo allowed to compete for a 
quantity of a base insufficient to combine with both completely, and the ratio 
in which the base is shared by the acids determined. The relative strengths 
of the acids are regarded as proportional to the amounts of base they 
appropriate. The method may be carried out in practice by adding one 
. equivalent of an acid to one equivalent of a salt of another acid, and deter¬ 
mining the amount of the second acid displaced from combination by the 
first. In elteeting the necessary'-measurements, which arc generally physical 
m character, 1 one condition must be fulfilled : the acids and salts must remain 
entirely in solution and nothing escape from the liquid either as gas or solid 
(precipitate). Otherwise the results are vitiated by volatility or solubility 
influences. 

Approximate results wore obtained by Thomson 2 from thermal measure- 
.ments, but Ostwald’s results, deduced from density measurements' 1 were more 
accurate. The experiments were carried out at a common temperature, and 
the solutions *>f acids and liases used contained one gram-equivalent of reagent 
in a kilogram of solution. By mixing equal weights of a solution of an acid 
and a base, a solution of a salt was obtained. A numerical example concerning 
hydrochloric and diohloracetic acids will serve to illustrate the method. The 
respective volumes of two kilograms of sodium chloride ai/d sodium dicldor- 
acecate solutions were 1958*275 and H) 16*714 c.c.; those of one kilogram of 
hydrochloric acid and dichlor.ieetio acid solutions, 982*406 and 917377 cc. 
On mixing the hydrochloric acid and sodium dichlofxacelate solutions, the 
volume would he 982*406 + 14)16*714, or 2890-120 c.c no change occurred, 
and 947*377 +1958*275, or 2905 652 if the dich’oracetic acid were entirely 
displaced. The volume actually observed was 2901*220 e o. Now 

'• , 2904*220 - 2899-120 = 5 100 

and ‘ 2905*G52 - 2899 120 « 0*532 ; 

hence it is inferred that 5*10/6 53 or 78 per cent, of tho, diohloracetic acid is 
TTfspiaccd, and the relative strengths of hydn^hloric and diehloracetic acids 
are as 78 to 22. ( , „ 

The relative strengths of acids as determined in this manner are inde¬ 
pendent of the nature of the bast' chosen. That the order in which the acids 
are arranged by this method is really the order of what are to he regarded 
as their “strengths” is indicated by the fact that the same order is arrved at 
when tho activities of, acids are compared in other ways, e.< r . by Thomsen’s 
thermal method ; by observing the rate at which they cause tl\e “inversion” 
of sucrose to proceed (p. 184), by determining their respective abilities to 
effect the solution of sahs like calcium oxalate and barium chromate, etc. 

It is *iound that when acids are arranged in "the order of their relative 
strengths, they are also arrarged in order with respect to their degrees of 
dissociation, the strongest acids being most fully dissociated. This result 


1 A chemical method of limited application has been devised by Fraud and Marshall 
(22 ran*.f$hrm. Sor„ 1914, 105 , 2776), basedon the observation that the amount of alkali 
necessary to nrevent an acid from cO"toding iron is a function of the strength of tho acid. 

2 Thomsen, Poijg. Annalcn, 1854 , 91 , 8 ' ;,1869, 138 , 65 ; Phil. Mag., 1870, [iv.], 39 , 410. 
8 O'twald, J. pralct. Ghenu , 1877, (ii.j), 16 , ^85 ; 1878, 18 , 823. 
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is readily intelligible (see p. 224). Moreover, it is possible, if the dissociation 
theory bo accepted, to calculate the relative strengths df two weak acids, 
since they follow the “dilution law.’’ The result an.ml at is that equivalent 
quantities of the two acids ^haro a quantity of liase*.*tiHieienf to neutralise 
only one acid m tl. * ratio of the square roots of the d Asocial ion constants 
of the acids, and tins result is confirmed by experiment 1 * 

The relative strengths of bases may be compared by methods similar to 
those employed for acids. The weakness of ammonium hydroxide in com¬ 
parison with sodium hydroxide was shown by IWlholol from thermal measure- < 
ments . 2 3 The order of relative strengths bilges is also found to he that 
anticipated from their degrees of dissociation. ? 

The hydroxides of the divalent metals such as zinc, nickel, magnesium, 
etc., and of the trivalent metals such as mm, aluminium, chromium, etc., 
aro almost insoluble in water, but the fact that, they are male bases is 
shown by the hydrolysis of tho salts they form with strong ae^ds. * A 
number of theso hydroxides are amphoteric, and must accordingly be regarded 
as behaving as weak acids as well. Kor example, aluminium hydroxide is 
regarded as dissociating, in its (very dilute) aqucouS solution, as a huso, 
thus:— 

• Al(OIT),' •'A1- + 30U* 

and as an acid, thus :— 

• Ai(oir)j,—ir + aio; 4-H„0, 

• 

in each case the degree of dissociation being slight. It follows that stflf- 
neutralisation should occur between basic and acidic aluminium hydroxide; 
but since salts fornusf fiom weak acids and weak bases are hydrolysed to a 
very considerable degree in solution, the extent to which self-neutralisation 
occurs is very small a • 

Salt Hydrolysis or Hydrolytic Decomposition.—Ordinary dis¬ 
tilled water is an extremely poor electrolyte, and its conductivity continuously 
decreases as it is subjected to more and mou pm lfication. IV.re* water has 
therefore been supposed bv some chemists to bo devoid of conductivity. This 
view is, however, not usually accepted, and, on the ^ippositiou that tho pure 
liquid has a small conductivity and is therefore slightly (iinsoeiated, 
half a dozen ditlerent methods have been employed to determine the degree 
of dissociation. * Considering the smallness of the*quantity to he deterniined, 
tho various icsults agree remnk.ibly well. The dissociation appeals to 
follow'the course fh()^=“H‘-| Oil', any further dissociation of tho hydroxyl 
OU'--|r + 0 " being quite negligible. Tho concentration of hwlrogeu ionp 
[H‘] in puijp water, then, is equal to that of the hydroxyl ions [OH ]; tho 
value is Id x 1 (T 7 gram-ions per litre at 25°, and metises rapidly with rise 
of tonfporatufe. Considering the equilibrium 1 — -If+ 011', it follow^, 

since [II 2 0 ] cannot appreciably idler, tliat*the relationship 

• [H*] x |Ofi'] = constant (1 ‘2 x 10 -14 at 2 o°<) # 

holds in pure water, and also in all dilute, a neons solutions. 

Tlie dissociation of water, slight though it, Joe, is ^ifiieient to account for 

• 

1 Arrhenius, Zntseh. f ihysiLut. < 'hr*.. 1891^ 5 . 1. 4 

2 Berthelot, Conyji. rent/., 1880, 91 , 189. • 

3 Walker, Zcilsclt. physical. Chnn ., 1904, 4 $^ 82 ; 190a,^i, 706. lleyrofh {J. Amer. 

Chem. &'or., 1916, 38 , 57^ regaids multiple fomsation as a phenomenon common to all 

electrolytes. • • • 

^ 4 * * Hudson, /. Amr. Chem. Soc., 1909, 31 , 1136; refurcnccs to the methods used by 

0 there are there given. 
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the occurrence of hydrolysis in aqueous solutions of many salts, i.e. partial 
decomposition of tl o salt into acid and base, brought about by wator. The 
change ‘ 

” o. acid + base^^siilt + water 

i^, in fact, reversible; and provided either the acid or the base (or both) be 
very weak , the reversibility of the change is sufficiently marked to bo readily 
observed. Examples have been known for years. Thus, aqueou.v solutions 
of sodium (or potassium) cyanide, 'borate, and sulphide possess the specific 
• properties associated with bases to varying degrees, and give alkaline reactions 
towards the common indicatorswhile the presence of free acid is easily re¬ 
cognised in solutions of ammonium chloride, ferric chloride, zinc nitrate, etc. 

The methods by which the degrees of hydrolysis of salts are determined can¬ 
not bo entered into, but the explanation of the phenomenon by means of tho 
dissociation theory 1 may be outlined, taking potassium cyanide as an example. 
This sifit is largely dissociated in aqueous solution, KCN-^^K’ + CN', and 
since there are also present the ions 11‘ and OH', it is necessary to consider to 
what extent the changes K* + Oll'^=^KOH and H'+ ON'^dlCN occur in 
the solution. Formation of non-ionised potassium hydroxide and prussic acid 
must occur, but, while the first-named substance cannot be tbps produced in 
any appreciable quantity, it is clear that the second will be formed to a con¬ 
siderable extent, owing to the oxtremely small degree of dissociation of that 
substance. As hydroxyl ions and hydrogen ions are used up in these changes, 
further supplies are produced by the dissociation of more water, since the 
equilibrium H ,0^=-—H* + OH' is destroyed ; and it will be observed that the 
hydrogen ions are used up to a much greater extent than the hydroxyl ions, 
which therefore accumulate in solution. The increase in the value of 

i OH'], with the consequent diminution of [H‘J,rgoes on until the value of 
IF] x [GN']/[HCN] reaches tho ionisation constant of prussic acid, when 
equilibrium is attained. Tho result is, therefore, that water is used up in 
decomposing, a certain fraction-of the potassium cyanide, producing prussic 
acid, almost entirely undissociatod, in the solution, together with an equivalent 
amount of potassium hydroxide, almost completely dissociated. In decinormal 
solution at 25°,“tho extent of hydrolysis amounts to l\3,per cent., 2 and the 
solution has a pronounced alkaline reaction. 3 ' 

The preceding example illustrates the case of the hydrolysis of the salt 
of a weak acid and strong base ; it may bo left to the reader to show that the 
salt of a strong acid and weak base should have an acid reaction in solution, 
that the hydrolysis of the salt of a weak acid and weak base should be quite 
pronounced, and that tho hydrolysis of the salt of a strong acid and Strong 
base should be inappreciable. 

1 first given, and Mathematically developed, ■ by Arrhenius, Zcitsch. physical. Chem., 
1890, 5 , 16. ‘ ‘ • 

• *' Shields, Zcitsch..nhysikal. Chem., 1893, 12 , 167 ; Mac&en, ibid. , 1901, 36 , 290. 

3 Since, in terms of the ionic theory, the specific properties di acids and bases are the 
properties of hydrogen and hydroxyl ions respectively, water, in which these ions aro present 
in equal concentrations, is considered to bo neutral, in reaction. A solution is then regarded 
as having an acid or alJrtlinc reaction according as the concentration of tho hydrogen ions 
exoecds that of the hydroxyl ions in solution or vicej'orsa. Acidity and alkalinity as indi¬ 
cated bv the commonly employed indicators, Cjg. litmus, methyl-orange, and phenolphthalein, 
usually, out not always, agree with these definitions. 




CHAPTKlt VII. 

THE DETERMINATION OF ATOMIC WEIGHTS AND 
EQUIVALENT OR COMBINING WEIGHTS.* 

Introductory. -The modern system of atomic weights is essentially that 
due to Cannizzaro, whose system of atomic weights, based tjn Avogadro’s 
Hypothesis, wiys published in 1858. An account of the various systems of 
atomic weights that were in vogue during the first half of last cenlmy has 
been already given in Chap. 1. 

(Tf the earlier methods for calculating atomic weights, those based on the 
Law of Dulong and 1’efcit and the Principle of Isomorphism supply valuable 
corroborative evidence as to the validity of the results deduced by the funda¬ 
mental method, viz. tl«e application of Avogadio’s Hypothesis, and enable the 
atomic weights of a number of metals to be deduced where Avogadro’s 
Hypothesis cannot he apphyl for want of the necessary data. In the case of 
the inert gases, none of these methods is applicable, and advantage is taken 
of the results obtained by a study of their specific heats # 

The numerical results obtained by the application of the. preceding 
methods are, in general, only approximate ; this arises in consequence of (i.) 
experimental errors inherent in the determination molecular weights from 
vapour densities, etc (ii.) deviations of gases and vapours fc-^m the laws of 
the “perfect” gas, and (iii.) tl o approximate character of Dulong and Ditit’s 
Law. To arrive at the exact values, two methods arc available. The first 
is a chemical method, and consists in selecting for the atomic weights of the 
elements those multiples of their chemical equivalents (or combining weights) 
which most nearly approach the approximate values obtained for the atomic 
weiglfts. The equivalents may, by suitable experimental methods, be deter¬ 
mined will? grftit precision, and the selection of the correct multiples of these 
values offers «o difficulty, even with approximate atomic weight values sove^d 
per cent, in error. 0 # • 

The second method is purely physical, and has bt&n developed since about 
1890, It has been seerr in (Jimp. IV. that it is possible, from aecifrate 
measurements of gaseous densities and compressibilities, to deduce the 
molecular weights of certain gases with a high degree of ace maty. Since 
the molecular formulae of the gases may be* readibf determined, their exact 
molecular weights njay be utilised in deducing the exact atomic weights *of 
their constituents. For example, the Atomic weight of carbon follow^readily 
from the molecular formula and exact moleeutar wvight of carbon monoxide 
or dioxide, whilst from the corresponding data for methane,.the atomic weight 
of carbon may be inferred if that of hydrogen be Assumed. This method is 
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only of limited applicability, but has given a number of results in good 
agreement with those deduced from the most accurate measurements of 
combining weights. 

Reverting to the chemical method of determination of accurate atomic 
weights, it should be explained that tho following is the plan actually 
adopted. The formula) of the compounds studied are assumed. This may 
be done sincq the formula) can be derived from approximate atomic weight 
values. Supposing°thon, as an example, that the atomic weight of' rsenic is 
sought; a known weight of silver arsenate may be heated in hydrogen chloride 
until it is completely converted into silver chloride, and the latter weighed. 
Knowing the formulae to be Ag 3 A’s0 4 and AgOl, tho ratio, weight of arsenato : 
weight of chloride, is clearly the ratio of the molecular weight of silver arsenate 
to three molecular weights of silver chloride, i.e. Ag ( As0 4 : 3Ag01. If, then, 
the atomic weights of silver, chlorine, and oxygen be known (107"88, 35*46, 
and' 16*00 respectively), the atomic weight of arsenic (.r) is readily found. 
For * 

, Wt. of silver arsenate (3 x 107'88) -f a* + (4 x 16) 

Wt. of silver chloride 3(107 *88 + 35'46) 

Since the preceding is a typical example of the manner in which accurate 
atomic weigh 1 a are derived by the chemical method, it will not ho difficult to 
understand how it is that certain atomic weights are of fundamental im¬ 
portance, entering as they so frequently do into tho calculation of other 
atomic weights. The fundamental atomic weights are those of oxygen 
(standard), silver, chlorine, bromine, iodine, sulphur, nitrogen, carbon, sodium, 
and potassium. A large amount of accurate work has been carried out 
whereby it has been possible to derive the fundamental atomic weights with 
a high degree, of accuracy. 1 

Of the numerous ghemists who have, in the past, interested themselves in 
the accurafp determinations of atomic weights, special mention must he made 
of Marignac find Stas.* 2 The values adopted for many years for the funda¬ 
mental atomic weights wpre practically identical with those derived by Stas, 
whose laborious', and painstaking work was regarded,.as being of extreme 
kccuvacy. It is now known that the work of $tas was affected by numerous 
slight errors, an(} the fundamental atomic weights have in consequence been 
carefully revised. This task of revision, and also the determination of 
numerous other atomic weights, has been carried out very largely by Professor 
T. W. Richards, of Harvard University, and his numerous collaborators. 8 

The atomic weights in uso represent relative values, referred vo an 
arbitrary standard; t),ie actual weights of atoms are not known with 
certainty, and do not concern tho chemist. Dalton originally selected 
hydrogen, which has the <.jmallqst atomi^ weight, as the standard, and 
called its atomic weight unity; but tho inconvenience of this choice 
was 1 earl/* recognised. The number of stable hydrides the cornposit’ons 


1 For a discussion of tho fundamental atomic weights, see F. W. Clarke, A Recalculation 
of the Atomic Weights (Sjmthsonian Miscellaneous Collections, vol. liv., No. 3), 3rd edition, 
1910. . . . < . 

* For their work on atomic weights, see Marignac, (L'nvres coi^plUcs (Geneva, 2 vols., 
1962); ac } Stas, (E;,ivres computes (Brussels, 3 vols , 1894). 

8 The coll' cted papers of li.chards ami his collaborator are published in a volume entitled 
Experimcntellc UnUrsnchnngen it be r A tom </< w iUt t e (Voss, Leipzig, l (i 09). For asummary, see 
Richards, Carnegie Institution PuUicatiovs, No. 126 (1910); J. Chun, phys., 1908, 6, 92. 
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of which are accurately known, is small, and hence combining weights 
are usually measured with respect to oxygen or a lia/gen, and must be 
referred indirectly to hydrogen. In each indmri comparison tfie experi¬ 
mental errors attached to tlie antecedent data ail<’ct fiic final fesult; and the 
value for the ratio oxygen: hydrogen, which entered into the calculation of 
many combining weights, was for years in serious error Even to-day*,* 
according to Noyes, 1 2 a slight uncertainty is attached to Jho vabie at present 
adopted, although for most purposes any error involved is negligibly small. 

Berzelius, guided by considerations of practical convenience, employed the* 
standard o.ri/t/cn — J00, and this was adopted for many years About the 
time of Dumas’ syntlipses of water,- the hydrogen scale was revived ; accord¬ 
ing to the results of Dumas, O— 15 90 on this scale, and lie regarded the 
value 16 as probably correct. The suggestion, made later by Stas, to adopt as 
standard oxw/en — lG, therefore received little support, since it would have 
involved very little change in I he atomic weight values at that timeyn uSo. 

The question of a suitable slandaul was again raised when, during the 
period 1888—Do, it became clear that, on the hydrogen scale, lho atomic 
weight of oxygen is 15*8«S and not In 1)6 as had bcefi previously supposed. 
Although the retention of hydrogen as unity has been strongfy favoured by 
Lothar Meyei* Keubeit, Clarke, and others, and still has its supporters, the 
standard oxygen = l6, advocated so warmly by Ostwald, is m*v adopted by 
international agreement. A very practical advantage of this scale is that 
the atomic weigh8s of a number of common elements may bo reprosontod^by 
whole numbers without appreciable error. It is nevertheless true that a 
large number of atomjc weight measurements are only referred indirectly to 
oxygen, the atomic weight of a halogen being usually involved in the 

calculation. 3 , • 

• 

Determination of Atomic Weights from Analyses of 
Gaseous Covin mms. • 

The atom of an element is the smallest, part of it that occurs in the 
molecules of its compounds. The method to be followed in^eckmg its atomic 
weight is readily understood in the light of this definition? Two sewes of 
values are necessary : (i.) the*molecular wcights.onts compounds, which may 
be obtained in a variety of wavs (see Chap IV.); and (if.) the amount of the 
element contained in each of these molecules. The latter series of unities may 
be deduced from the results of chemical analysis and the values found for 
the molecular weights; the required atomic weight may then In* determined by 
inspection* • The different weights of one and the same element contained 
in the various molecules are always whole multiples of one quantity, which is 
* justly called the atom btcau-a* it invariably enters the compounds without 
division” (CannizzaroV The atomic weigflt is, in ftct,*tho greatest common 
measure of the magnitudes (ii.)., • • 

The accompanyihg tables illustrate the application of this method*to tin 


1 Noyes, J. Amer. Chcm. Soc., 1^07. 29 , 1718 ; cf. Morley, Smithsonian Contribution 

to Knowledge,' 189ft, 2 $ No. 980. . 

2 Dumas, Coixpt. rend, 1842, 14 , 537. , • 0 * 

8 For a lull account of tins various stand:yds that ha*s been suggested and ^sed, at 
Miss Freund, The Study of Chemical Composition (Cambridge University Press, 1904 
pp. 188-192. 1 
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^termination of the atomic weights of oxygen, hydrogen, carbon, and 
phosphorus. In ilpe columns are given successively: (i.) the name of 
the substance utilised; 1 (ii.) the density (d) r of its vapour, compared with 
that of oxygen undor’Hie same conditions of tlimporaturo and pressure; 2 
(iii.) the percentage (p) g.f the element, the atomic weight of which is 
sought; (iv.) the molecular weight (3 ’2d) of the substance referred to that 
of .oxygen as ?2, and^ calculated from ( 11 .); and (v.) the weight (32^w/100) of 
the element present hi the molecular weight of the substance, calculated from 
(iii.) and (iv.). 


OXYGEN. 


I. 

n. 

in. 

IV. 

V. 

Water f ... . 

0-5031 

88-78 

18-02 

16-00 

Nitric oxide 

0 0378 

53 -82 

30-01 

16-00 

r Alcohol 

1-4391 

34 73 

■le-oc 

16 00 

Ether . . . . 

2-316 

21-58 

74-10 

16 00 

Oxygon ' . ' . 

rcooo 

100-00 

32 OO 

32 00 — 2 x 16 "00 

Carbon dioxide 

1*3750 

72-72 

41-00 

32 0o :2x 16*00 

Ozone . 

1 -5000 

100 00 

48 00 

48*00 — 3 x 16*00 

Osmium tetnofMe 

7-965 

25 -11 

254 9, 

64 00-4 x 16 00 

* 

HYDROGEN. 



I. 

nil. 

III. 

, J - v - ‘ 

V. 

Hydrogen chhnide * 

1 1857 

2-77 

86-47 

1 01 

Hydrogen cranide 

o-tyu; 

3-74 

27 02 

1 01 

Water. 

0-5631 

11-21 

IS 02 

2 02 - 2 x 1 -01 

Hydvogon .... 

O-OObl 

100-00 

2,02 

2*02 — 2 x 1*01 

Ammonia . . . '. 

0-5325 

17-78 

17 04 

3-03--3x1-01 

Methane . > . 

0-5012 

25 19 

Hi-01 

, 4 04 — 4 x T01 

Alcoftol .... 

1 439 

13 15 

46-06 

6 06 =-' 6 x 1-01 


CARBON. 


I. 

11 . 

III. 

IV. 

- V. 

Carbon monoxide . : , . 

* 0‘875b 

42-81) 

28-CO 

12-00 

Carbon dioyule 

1 -3750 

27-28 

44-00 

12-00 

Motmrfe . ., . 

0-5012 

74 -8 r 

16-04 , 

12 00 

Alcohol .... 

1 *-439 

52 12 

46-06 

24 00 = 2x 12 00 

Ether . 1 . . . 

2-316 

61-78 

74-10 

48-00 = 4 x12/00 

Benzene . . . % . 

Lm _ 1 _:__ 

2 439 

92-23 

78-06 

72-00 = 6x12-00 


1 Tlw listsiof volatile compounds ary merely illustrative, not exhaustive. 

3 The “ theoretical’* value is given, from which the accurate molecular weight may be 
i '.obtained. , « 
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PHOSPHORUS. 



II. 

III. 

1 , 

• 


riiuspninc .... 

1-0047 

urn 

34-87 

31 -04 

Phosphorus trichloride . 

4-29-1 

22 f.i> 

187 1 

;>i 04 

,, pciitiifluondo 

:P9.'IS» 

21*6 i 

12 ti'0 • 

81 01 

,, pentasnlphule 

6 '1*51 

27*01 

2 J 

63 (16 = 3x31-04 

Phosphorous anhydride. 

G'8S0 

fi6 *40 

220*2 

124-2 =4x31-04 

Phosphorus .... 

3-8.SU 

100 00 

• 

121-2 

124 2 =4 x31*04 


From tho results contained in the tables, the atomic .vcights of oxygen, 
hydrogen, carbon, and phosphorus are seen to bo l(>-00, 1*01, 1 '2 '00, and 
31 *01 respectively. The selection of 32 as tho molecular weight of oxygen, 
on the assumption that the molecule of ox\gen is diatomic, thus* receives 
confirmation. 

it will be observed that in order to determine thu atomic weight of ah 
element, it is not necessary to know its vapour density; carbon alibi'd b au 
illustration of#this point. When tho element is xolntde, as, for instance, ill 
the cases of oxygen, hydrogen, and phosphorus previously cited, the vapour 
density merely serves to nidiealo the atomicity of the ^nolceule. A 
knowledge of ting atomic weight of an element may, in fact, precede its 
isolation in the free state, as was the case with lluonne. . •* 

Tho method of determining llie atomic weight of an element described in^ 
this section ceases to he applicable (i.) when no compounds of the element are 
available, e.tj. the inert gases; and (ii.) when the element forms no volatile 
compounds ; in such case? the moleeulai weiglfts of the compounds can rarely 
be found. Instances are afforded by a*number of metals, c.<y.»tho metals of 
the alkaline earths. The probability that\he atomic •weight of an element 
has been correctly chosen by this method c 1 ‘arly depends upon the number 
of compounds it furnishes, the moloeular weights of winch can be determined. 
The atomic weights of the non-metals, which form numerous volatile com¬ 
pounds, are therefore known with practical certainty; ftikt owing to tl},e 
smaller number of volatile omnpounds supplied by the metals, their atomic 
weights, dedmjed by this method alone, cannot he*accepted* with such confi¬ 
dence. In various cases, however, metallic derivatives arc known, the , 
molecular weights of which in solution can be determined*by the methods 
described in Chap. IV., thereby supplementing the data derived from vapour- 
donsTty measurements; whilst other methods of deducing atomic weights are 
available (see* next section), which confirm the insults derived by the 
Application hf Avogadros principle. • 

Determination of .Atomic Wiciuiits by aitroximatk jyliniODS. m 

Attention has alAiady been drawn to jbhe frv^t that tho chemical equivalent 
or combining weights of the elements may be determined with greaf. accuracy 
by chemical methods. In order to select correct multiples of these equiva 
lents for the atomic weights ^f the corresponding elements, approxinAt 
determinations of tlie atomic w eights may be made by the following methodv-- 
1. Determination of the specific heat of the olepient or *of its. compound* 
and the application of lav* Tsuch as those of.Dulong and Petit 
Neumann and Kopp, to the result (see pp. 94-9G). 
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2. Determination of the ratio of the two specific heats of the ^element in, 

the gasctiis form (see pp. 96-97). 

3. A ( comparison of the general properties of the element with those 

predicted for*'Jiitherto undiscovered elements required to complete 
the Periodic Table (sec p. 275). 

4. A study of the crystalline form of the various* compounds of the 

element aud the application of Mitscherlieh’s Law of isomorphism 
(see p. 74j. 

5. Comparison of the transparencies of the elements to X-rays. 

In 1901 Uenoist 1 drew attention to the fact that the specific opacity of 
an element for the X-rays bears a ‘simple relation to the atomic weight. In the 
case'of compounds the specific opacity is an additive property, being the sum 
of the opacities of the constituent atoms. Hence, whether the element can 
be isolated in the free state or not, its opacity and approximate atomic weight 
are-capable of being determined. The method has been applied to indium, 2 
and the Results show that the atomic weight of this element is 113*4 and not 
75-6. The atomic weights of thorium and cerium have been similarly'* fixed at 
232 and 140*25 respectively, and for >rlueinum 1 * 5 * * the value 9*1 lias been obtained. 

6. In addition to the preceding five methods for arriving at the approxi¬ 

mate values of the atomic weights of the elements,"other methods 
are^i variable, based upon spectroscopic measurements. In order to 
explain these it is necessary to discuss briefly the nature of series 
lines in spectra.® 

* In many spectra the ]ini$|§have the appearance of being distributed at 
random. In others, howeveiyriicre arc lines which succeed each other in a 
regular manner so that their positions may be represented by formula*. Such 
a collection of lines is called a series ; in the series tjlic lines become closer and 
less intense on passing in the direction from red t6 violet. Usually a number 
of series co-exist in the same spectrum, and only in very few* cases lias it been 
found possible to repiVseut all the observed lines as members of series. In 
discussing 'series it is more convenient to deal with the wave number (or 
“oscillation frequency ”) than with the wave-length (A). The wavenumber 
(n) is 107 A, or the nptnbdr of waves per centimetre; and it is usual to correct 
the v/tluo to vaftmun. 

In 1885 Balmer 0 discovered that the lines in the ordinary hydrogen 
spectrum could be represented with great accuracy by an equation of the type 

w-NO/t-l/w 8 ), 


where N is a constant and for m the successive integers 3, 4, 5, . are 
inserted. The value of N is found to be 109,675, and, as it is <-f fundamental 
importance, it is spoken of as tho “universal constant” or as “Rydberg's 
constant,” for reasons which f will appear presently. 


1 Benoist, Compt. rend., 1901, 132 , 324 and 545. 

3 f 'Benoist, ibid., 1961, 132 , 772 ; see also Indium', Yol. IV. of this series. 

3 Bfenoistand Copaux, Compt. retd., 1914, 158 , 689. * 

* Benoirtand Copaux, ibid., 1914, 158 , 859. u 

5 The authors wish to exp-ess their thanks to Mr W. Jevons, B.Sc.,Tot kind assistance 
in^he preparation of this section. For further details the reader is referred to the report 
on “ Series Lines in Spectra,” in Monthly Notices of ituyal Astrononv.cal Soc ., 1914, 74* ^4 ; 

Fowler, T.fie Bakertyn Lecture, Phil. Trans., h914, A, 214 ; Nature , 19,H, 93 , 145 ; Baly, 

Spectrofovy (Longmans & Co.,..2nd edition, 1912). , A .. 

■ 0 Balmer, Wicd Annalen, 1885, [iii.], £ 5 , <80. According to % measurements of Curtta 
(Pm. Roy. Soc., 1914. A, 90 , 605), however, the ,< rst six lines of the hydrogen spectrum are 
not exactly represented by Balmer’s formula. 
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It is e^sy to see that N/4 is the “limit” or end of the senes, correspond¬ 
ing to m = oo . Denoting the “limit” (or “convergence frequency,” as it is 
sometimes called) by «oo, Balmer’s equation may 1" ' ritwn 

7i==W w » - N/wt 1 2 . 

The work of Rydberg 1 showed that a great many similar scries occur fat, 
spectra. The series could not, however, be represented by Buliner formulas, 
although very good representations could be obtained*by equations of the 
type 

v -)i c - N I(m + //)-. 

In this equation N is*the “universal constant” of value 100,075 ; and p 
are two other constants special to each series. The vatic of p is usually 
fractional, and n^, which denotes the “limit” of the series, is no longer 
equal to N/4, as in Balmer’s equation. 

It may he stated at once that the Rydberg formula) usually faiUlo repre¬ 
sent series within the observational limits of error, and more exact formula) 
have been devised. These differ from Rydberg’s formula in that the expres¬ 
sion (m+jx)' 1 is modified, (i.) by Kite to (m + a + /J/w 2 ) 2 , (ii.) by Kqwler and 
Shaw to (m+n)- -b a, (iii.) by flicks to (m. + a + fijuif, and (iv.) by Baidson to 

(m + fxfc"'\ where a and (2 and b are constants. 2 The foimuVi of llitz has 
tho^lisadvantage that in some series (sharp scries, vide infra) m does not have 
integral values, bfit has to he put equal to 2*5, 3*5, 4*5, etc. In the sequel 
Rydberg’s formula will bo used; the necessary modifications to obtain'tho 
Ritz, Fowler and -Shay, Hicks, and Paulson equations will be obvious • 

In the general case three associated series are found in the same spectrum. 
They are referred to as the Principal, Diffuse (or 1st Subordinate), and Sharp 
(or 2nd Subordinate) series; and the names are abbreviated to P, J), and S. 
The limits are denoted by Poo, L)oo, and Soa respectively. With the Rydberg 
formula tho first lino of a principal series is given when m~] : with the 
subordinate series, when m — ( 2. The relationships between the three series 
aro shown in fig. 73, winch refers to tho spectrum of lithium. 

The equations t ' the P, D, S series may be written , 

P. n — P(«i) = Pec - + ;>) 2 , where m — 1, 2, 3, . in succession. 

D. n = I) (h) - Doo - N /(m + d)\ „ m = % *3, 4, • . * 

S. n— S(/»,) = Soo -N ,'(ni + s)~ } ,, m— 2, 3, 4, . . t ,, 

Several remarkable relationships have been discovered which connect these 
serid&, vi^. (i.) Deo =Soo, (ii.) Poo - Doo = P(1), and (iii.) S(l)-- - P(l). 
From these Relationships it follows that the soiries equations may be 
•written:— • . . 

P(w) = N[l/(l + s) 2 -l/tyn + p) 9 ], or (l s -» mf>) for short, 

, D (m) = N[l/( 1 *f- p) 2 -,1 /(m + d')A or (1 p - mdjjor short-, , , 

and S(m) = N{l/(1 +p ) 2 - 1 f(m + s) 2 ], or (lp - ms) ftfr short. * 

1 Rydberg, K. Svenska Vct.-Akad. llandl ., 1 23 , #No. 11 ; Par if International 

Reports , 1900, 2 , 200. For d summary of tho fust of these papers? sec Rydberg, Phil. Mffg., 
1890, [v], 29 , 331. • 4 

2 Ritz, Fhysilfftl. Zeitsch ., 1903, 4 , 406 ? 1908, 9 , *244. 521 ; Any. Physik 1903, fiv.], 

12 , 264 ; 1908, [iv.j, 25 , 660 ; Astiophys. J., 1908, 28 , 237» fowler and Styiw, >oc Roy. 

Soe., 1903, 71 , 419; Hichs, vide infra ; Vaiflson, Lvvds Untv. Arsa.krift, N.F. Afd, 2, 

1914, IO, No. 12. See Halm, Trans. Ray, Soc.JZdm,, 19^4, 41 , 55f. 
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When each component of a series is a doublet the series relationships ar( 
more involved. A P doublet series may be regarded ai raado up of two 
analogous single line series which converge lo the sairio limit. Corr>spot»ding 
linos in these two part-seric# are said to form the opponent* of a doublet, 
and the difference between the wave*numbers of the components is termed 
the “interval” or miration difference of the doublet. The intervals of the 
successive doublets in a P series converge towards zero as m inorease’sT 
Associated with a l* doublet series are D and S double) series?, but in these 
series the doublets do not close up but have a constant interval. Tin* interval 
is the same for an S doublet as for a 1) doublet, and is further equal lo tho fl 
interval of the first P doublet. The data lAven m tlx* accompanying table, 
referring to some of the doublets in the P, D, S series of rubidium; will 
serve to illustrate the preceding statements: - 

RUBIDIUM SERIES LINES. 


l’i incipal Series 

i>iir. 

DiIIum; Senes 

Diir. 

sn.irj) Soviet 

1 

Diir. 

n. 



■n. 


n. 


12,579] 

12,817 

* 

238 

12,887 

13,121 


234 

13,494 

13,732 

\ 

238 

23,715 


77* 

15,872 


•)Q 

10,229 

•> 

238 

*23,792J 


18,107 


Z4.» 

10,487 


27,834 


» 

35 

17 4(53 


230 

17.081 


237,. 

27,809 


17,099 


17,918 


29,834 


J § 

18,105 



is 540 


235 

29,853 


18,841 


Z ju 

18,781 


30,958 


10 

19,005 


030 

19,101 


23“ 

30,9(58 

' 

19,211 

* 



19,333 




Doublets may be often recognised by tile eye, butdrequently the doublet 
intervals are so large that other spectrum lines come between the’components 
of a doublet, which are thus difficult to find It will be noticed that the D 
and S series for rubidium overlap in this manner. ■* t 

Let the six single line series which together constituteJdie«threo associated 
P, D, S doublet series be denoted by 1^,1’.,, D lf IX,, S,, S 2 . Then 1‘joo -=*P 2 ao . 
The following*relationships, strictly analogous Ul those already given for 
single series, are also found to hold good, viz. (i.) I> ( co — S ( oo and JX.cc = S 2 oo , 
(ii.) Pjoo - S x oo - I*j(l) and l\,oo -S 2 -o — !*.,( 1), and (iii.) S,fl)- - P,(i) and 
S 2 (l^= -P.,(i). From these relationships it is easy to deduce that the six 
series equations, in the abbreviated notation of p. become:— 

P,(mi) - Ls - More refrangible. 

P 2 («i)--ls -nip.,. Loss $ ,, 

= l;q - md. Less „* 

D.,(«r) =.- \p. t *- v\d. More ,, 

\p x - »is. Less. „ 

Sj («i) -- \p., - ms. M re ,, 

If, for a definite value *of nt, Sj(w) is less than Sj(wi)»it will be clear that 
I)j(wi) is also lesstthan D 2 (mf, but that P,(fH) is greater than P 2 (wt), i.e. 
tho more refrangible components of* the 1) and S doublets are wpjwooidfced 
with the less refrangible components of jtlio 1* doublets, and vice term? 

Tho various relationships between the P, I), S'triple series are strictly ^ 
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analogous to those Detween JP, I), S doublet series. The ^ series, fqr instance, 
is made up of thA'O single line series which converge to a common limit. 
Correspoifiing lines'oonslitute the components of a triplet, which is usually 
regarded as having two-yitervals, viz. that between the middle and the least 
refrangible line (i'|) and that between the most refrangible and the middle 
lino (v 2 ). The values of iqand v 2 convergo to zero as w increases. In the 
D and S triplet series the values of v 1 and v„ are constants; Vj and i\> have, in 
general, different values, and, moreover, are equal to the intervals of the first 
P triplet. Further, the limits of D 2 (/a), D 8 (m), the part-series which 

together constitute D(»»), are respectively equal to the limits of S^w), S 2 ( m )> 
the part-series of S(w); ami so on. 

A fourth type of series, the Fundamental or F series, may bo mentioned. 
In the simplest cash it is represented by the equation— 

V(m) = N/(*2 + d) 2 * - N jut 1 , m = 3, 1, . . ., 

and the relationship l)co - Fx> — D(2) is found to hold good. 1 
f The lines belonging to one and the same series are similar in character. 2 
Dines in different spehcra (i.e. the spectra of dillercnt elements) that arc 
similar ih character and correspond to the same value of m in series of the 
same type are called homologous lines, in a similar manner il ls possible to 
talk of homologous doublets, triplets, and series. 

It has been mentioned that one senes of lines, the llalmer series, has been 
found in the hydrogen spectrum; other series arc also kliowu in the same 
spectrum, and the same is true for the spectra of helium and neon. The 
Spectra of the alkali metals sodium, potassium, rubidiun,i, and c.esium contain 
P, D, and S doublet series, and it is very probable that what appear to be 
single line Berios in the lithium spectrum are really 'close doublet series. 
Aluminium, gallium, indium, thallium, and probably scandium, yttrium, 
lanthanum, garlolinium, and ytterbium show doublet series in their spectra. 
The spectra of magnesium, calcium, strontium, barium, radium, zinc, 
cadmium, mercury, and europium contain triplet series although all the 
P serios are not yet known. 

One of the n>pst< valuable methods for detecting homologous lilies and 
seriesds to examine 4 :he influence of the magnetic field on the spectra. AVhon 
a source of light which gives rise to a line spectrum is placed in a powerful 
magnetic field, many of the spectrum lines are found to he resolved into two, 
three, or oven more, components, lying close together. This was discovered 
by JZeeman in 1806, and is called the Zeeman effect? It is readily accounted 
foy on the hypothesis that an atom consists of a central core surrounded by 
nec&iivfe electrons, to the motions of which the spectrum lines a ( the element 
as>& flue; for the motions of the electrons, which are electrically charged,, 
Would bo affected by the magnetic field. 

It was discovered by Preston 4 that, for the same magnetic field, all lines 
' belonging to the same series exhibit exactly the tame magnetic resolution 


1 For further details concerning F scries, and for discussions of (i.) the “satellite” lines 
associated with.certain D seric and (ii.) the “combination ” principle of Ritz, the references 
already given may he consulted. 

- In observing the character of lines it is necessary 'co notice wheJier they are sharp or 
diffuse loyg or short,,and readily self-reversed; how they are affected by the magnetic field, 
eelf-indit tion,otc. See Baly, o,ms cit. 

8 Zeeman, Phi/. May. , 1897, [v.], 43 , 226 ; 44 , 55, 255 ; 1898, [v.], 45 , 197. 

4 Preston, <5 id. Tram. /toy. pull. Sue , 1899, [> : i.], 7 , 7 ; Phil. May., 1898, [v.], 45 , 325. 
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wnen tne results are Expressed in wave numbers; and Rungs and I’aBchen* 
found that^this law could be extended to correspond [> • -cries for different 
elements. From the point of view of the Zeeman dice ./it is necessary to 
consider a doublet (or triplet)’series ns being made up of tr.vo (or three) 
separate series, since the components of a doublet (or tr plot) usually exhibit 
different types of resolution; in the case of helium, however, the types are 
all the same and of the simplest variety . 2 ;i 

The li»t definite connection between the spectra of allied elements and 
their atomic weights was discovered by l.ccoq dp iloisbaudrang who was 
thereby enabled to calculate the atomic weights oT gallium arid germanium 
by comparing their spectra with those <*f analogous elements. Hotter 
methods have since Infen devised, Rydberg 4 noticed that when the homo¬ 
logous series in the spectra of analogous elements K, lib, Os) were 
compared, the intervals of the doublets or triplets in the 1) and S series (or 
what are equivalent, viz. the intervals of the first P doublets or triplets) were 
nearly proportional to the squares of tho atomic weights. For distance, 
comparing the I) and S triplet series of cadmium and zinc, and using the 
notation already employed in this section, it is found tlin.t— 

(e,+ +e.,)z u -=li-9 IS 

while 

Cd -/Zn- - 2 SCO . 

in oilier cases, liowover, the agreement is by no moans as close . 5 Range and 
1 ’reeht 6 assume that this proportionality is exact, provided that some other 
power of the atomic weight be taken, this power being approximately equal 
to two. Accordingly,..they plot the logarithms of the atomic weights of 
analogous elements against the logarithms of the homologous doublet or 
triplet intervals and suppose that the points obtained lie on a series of 
straight lines, one for each series of analogous elements. 

llnngc and l’recht applied their method.to dcdiicejhe atomic weight of 
radium by comparing its spectrum with the.,spectra of magnesium, calcium, 
strontium and barium, and deduced the result Ra goi ■ 8 . Ordinary chemical 
methods, however, show that tho correct value for t^e atomic weight is 226. T 
'the method of Jgunge and 1 ’rcciit. is therefore inevu.l. d^iie relationship 
between the logarithms of tha atomic weights and of thcl'rt'quency intervals 
is, in fact, notostsictly linear; but an empirical-er/meelipn,.may lie deduced 
between them and expressed in an interpolation formula of tlm type: 

log at. wt. =u + S(log v ) l-c(log r ) 2 + d(log o)*+ . . 

Who* these equations are deduced for the various families of analogous 
elements i< is possible by interpolation to obtain atomic weights with con- 

• ’ ■»’ i * ' ' ..——* 

1 Rungeand Pascheu, A&tfliphys. */., 1902, 15 , 235, 333 ; 16 , 118, 123. 3 

2 See this volume, Part 2* tor a Phil discussion of the Zmimn dlect, sco Zeeman, He- ■ 

searches in Magneto-Optics (Macmillan, 1913). ' ^ 

* Lecoqdo Boisbauduui, Compl. nhul., 1809, 69 , 445, 606, 0."v», ^694 ; 1870, ^0^144, 
974 ; 1886, 102 , 1291 ; see also Miss Freund, Study of Chemical Composition (Camb* Univ! 
Press, 1904), chap. xvi. ; or Wum, Vidwnmire de Chi mitt, Sup {dement, p. 859; and cf. 
the criticism of Ames, Phil. May., 1S90, fv.], 30 , 33., Ames’tyRiper contains ai* interesting 
account of the early work on the relations between the lines ofvamus spectra. 

4 Rydberg, lot:. cit. # •• * 

5 Marshall Watts, Phil. May., 1903, [vi.jf 5 , 203 ; 1904, [vi.l, 3, 279; cf. Runge. ibid 

1903, [vi.], 6 , 698* , - “ * ’ 

6 Rungo and Precht, Phil. May , 1903. [vi ]/ 5 , 476. 

7 See Vol. III. • 
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siderablo accuracy. The deduction of atomic weight!) by extrapolation* 
however, is naturally less accurate, but nevertheless Watts has ifnown that 
by extrapolating tin- curve for Mg, Ca, Sr, and I3a a good value is obtained 
for the atomic,weight q/ radium, viz. 220-6. 1 ' L 

The uncertainty attaching to the preceding method is increased by 
Zeeman’s observation that lithium does not fall into lipc with the other 
""alkali metals. 2 

Another t elation ship between the wave numbers of certain homologous 
lines of analogous elements has been observed by Ha mage, viz. that the 
1 differences between the wave numbers of the lines are proportional to the 
differences between the. squares <rf the atomic weights of the elements. 3 For 
example, the following are homologous lines:— * 

' (-a. (diff.) Sr. (dill.) Ha. 

n = 23,657-9 21,703-7 18,064-6 

(1951-2) (3639-1) 

r 

If, then, the atomic weights of calcium and barium are taken to bo 40*1 and 
137-4 respectively, and the value for strontium is denoted by .r, 

' v {,'C- — (40T) 2 ]/{( 137*4) 2 — X “| - 1951-2/3639-1, 


whence x — 87*42, in good agreement with the experimental value. 1 The 
relationship tftus illustrated is, however, only of limited application, e.<j. in 
general it is not possible to choose the analogous elements so that some a?-e in 
Metideleeff’s short periods and the others in the long periods (see Chap. VIII.). 
The connection between the square of the atomic weight of an element 
' and the doublet or triplet intervals of its 1) and S series lias been further 
developed by Hicks. 5 Any of the series equations already mentioned may be 
written in the form " „ '* 

where N j<f>f is the ‘^limit” and a fraction, the fraction being in 

general a function of the integer in. If this equation denotes the less 
refrangible components of a I) or S doublet series, then, instead of representing 
the more refrangible*components by the equation r 

*- N[i/(^) 2 -i/^/ 2 J, 

1 * ( 

as was done, for instnuee, on p. 2S7, the alternative form, viz.— «■ 

n = N[ l/(^i - A) 3 - l/<£ m 2 j 


may be utilised. Similar equations may be written down for l) and S tfiplet 
series, provided two different magnitudes A, and A 2 be employed. As the 
result of a critical examination of the line spectra of twenty-five elements,* 
Hicks concludes that .the magnitude A is, or# the magnitudes Aj and A 2 are, 
multiples a quantity'(90-4725 ±0*013)W 2 .10” 4 , #t wfiich is called by Hicks 
the oipi and denoted by 3,; W is the atomic' weight of ,tho element. Sihce 


1 Marshall Watts, Phil. Mart., 19<\4, [\i.], 8 , 279 ; 1909, fvi.J, 18 , 411. 

2 Zeeman, 2 } roc. K. Akmt. Wdenxch. Amsterdam, 1913, l6, 1 f>5. 

* 8 llamagc, Proc. Hoy. Hoe., 1902, 70, 1* 303. t (i 

J Marshall Watts, Phil. May., 1903, [vi.] t fj, 203; 1904, [vi.], 8 , 279 ; cf. Range, ibid., 

1908, [^*1*6, 098. ' 

8 W7M. flicks, Proc. Uoy. Hoc., 1910, 83 , 226 ; 1912, A, 86 , 413; 1913, A, 89 , 
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the values of A, A^'and A 2 are large multiples of the ouu, it would appear at 
first sight that Hicks’ results afford no evidence I hat Aie atomic weights 
utilised, i.e., those at present in common use, aio tin correct imfltiples of 
their combining weights, bitf nevertheless certain im|.orioal relationships are 
observed which enable the elements to*be arranged in groups, and these groups 
arc found to coincid with the sub groups of the Periodic Table (see Chap. VII1.^; 
e.g. the values of A t + A 2 for Oa, >Sr, 11a, Ra all appear to be m"]tiples of 58 lt 
those for ,m, Cd, Hg are multiples of 6^, etc. The most interesting feature 
of Hicks’ work, however, from the chemical point of view, is that it suggests 
the possibility, when the requisite spectroscopic measurements have all been 
brought to a uniformly high degreo of acounfty, of being able to calculate the 
atomic weiglits of the elements with an accuracy equal or superior to*that 
which can be obtained by direct chemical synthesis or analysis. 1 

The various spectroscopic methods for deducing atomic weights, here 
outlined, were not developed until the modern atomic weight table had been 
firmly established, and few, if any,'atomic weights were in doubt Their 
applicability is therefore limited to elements that may be discovered in tht} 
future; but they obviously alibid valuable oorroboratft'u evidence in favour 
of the atomic weights at present accepted. Similar remarks apjAy to ttmoist’s 
X-ray mothod*(p. 234). 

Brecautions to me deserved during the Accurate Determination 
• op Atomic Weights. 2 

With increasing knowledge of any science, there comes the demand for 
greater accuracy in thi experimental work. Consequently the rough analyses 
witli which chemists jyere satisfied fifty years ago have given place to more 
accurate determinations, aud methods which were then regarded as satis¬ 
factory arc now discarded as yielding too great an experimental error. In 
no sphere of science is this realised more aciTtely than ii# the one now under 
discussion. Whilst a century ago the atomic-weights of many of the common 
elements were not known with certainty even to within one or two units, 
numerous investigators in recent times lmve spent j^ars in determining them 
accurately to thi second place of decimals; for example, tt*has nowJieen 
definitely shown that tho atomic weight of nitrogen i'iT in6re correctly 
represented bj^-tifee number 14 01 (0=10) thfln*by i*4‘CW, which latter 
number was generally accepted until about the year 1905. # 

First among the steps which must be taken in the performance of any 
accurate atomic weight determination is the choice.of methods to be used, 
involving tjie careful study of the nature of the substances which will best 
serve the purpose in view. Many an otherwise excellent piece of work has 
lfeen render^ valueless by a wiong choice of material at tho beginning; 
for often no amount of care can obtain significant results from unsuitable 

_ '' ___ _ _ ’ _ • __ 

• m • * ■ * % 

1# For an attempt to express the constants in the Rydberg formuiuii<fr analogous clients 
as functions of their atomic weights, see Ilamage, lot. cit. Various attempts have been 
made fro connect the spectra with the atomic volumes of tho elements ; see Hicks, he. cit. j 
Halm, loc. cit.; Reinganum, Physical. Zeitsck. , 19(81, $, 5>0£ ; ltossi, Phil* May., 1911, 
[vi.J, 22 ,922. * • 

» This and the succeeding section on the atomic weight of lithium are adapted 
and condensed froiji the excellent memoir ify Theodore W. Richard#, publislyd by the 
Carnegie Institution of Washington, 1910, No. 125. •The authors desire to*aokrt#wledge 
the courtesy and kindness # of Professor Richard* iftid of the President of % the Carnegie Institu¬ 
tion for permission to make full use of this jpemuiyn the present work. 

,, VOL. I. • 
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mbstanoes, and a bad method may nullify the toIu^ of many ‘elaborate’./ 
precautions. 

To tnrkc cloarei the importance of careful forethought, it is worth while 
to emphasise some of tjio precautions which myst be taken in choosing the 
best conditions in the determination' of an atomic weight. Four main 
requirements must be fulfilled at the outset if the work is to have any value, 
fn the first place, a compound must be selected which may be prepared in a 
perfectly puffe statte. Secondly, this compound must contain, besides the 
element to be studied, only elements with definitely known atomic weights. 
Thirdly, the condition of valency of the elements in this compound must be 
definite; thus, for example, air iron compound must be wholly ferrous or 
ferric. Fourthly, the compound selected must be capable of oxact analysis, 
or else of exact synthesis from weighed quantities of the elements concerned. 

All these four obvious requirements were perfectly clear to the early 
masters, Marignac and Stas, who endeavoured to work always in accordance 
with thtir demands. Their fulfilment, however, is not always easy, and it 
often requires wide chemical and physico-chemical knowledge to choose 
rightly the substance to be studied. 

.Tho material and methods having been chosen, the following work 
resolves itself into two parts: first, the qualitative task of the actual pre¬ 
paration of enough pure substance; secondly, the quantitative task of 
determining n its composition, of comparing it with weighed amounts of 
other pure material, or of measuring some other special property under 
investigation. 

Purity of materials is not always sufficiently sought. Even Stas, at 
times, with all his precautions, did not always attain d perfectly satisfactory 
result in this respect. 

The quantitative process, which follows the qualitative purification, may 
Consist eithct of chemical analysis or of physical measurement. Chemical 
analysis is, of course; very different from the qualitative preparation of the 
material, although in both casos the experimenter wishes to obtain, at the 
end of his experiment, a perfectly pure substance uncontaminated by any 
accidental impurities. The pioblem of the quantitative determination is 
vastly increased' in difficulty by the fact that not onty ir. ist the final sub¬ 
stance be pufe, but also every possible trace Of that substance must be pro- ^ 
duced that can be produced. In the qualitative- purification 90 per cent. of.,* 

- the substance may be lost without any anxiety; but in the quantitative;^ 
estimation even the thousandth part of 1 per cent, must not be lost ififcr" 
can be avoided; and if a minute percentage is lost, some process must 
undertaken to prove its exact magnitude, so that due correction mayfbfr' 
made. Physical meatfhrement, whether of density, temperature, presihir#, 
electromotive force, or any other property, is also entirely distinct* from 
qualitative preparation. v “ 

Certain considerations apply to nearly all chemical* work, whether 
qualitative or quantitative, since several* physieo chemical tendencies' of 
matter greatly affect the purity of nearly all preparations. The generality 
of these (tendencies arise from jbe fact that materials are generally purified- 
by changing the state oi } phase in which they exist/ For example, a salt is 
purified by dissolving and crystallising it, taking it firsts into a liquid phase, 
and thai\again fringing it back into tlie solid condition. A b'quid is purified 
by distillation—a process involving., a double change of phase. Thus the 
exact purification* effected by any such process depends in each case upon 
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what nappins at the moment of formation of the new phape, as well as upon 
the completeness with which this phase may be son.'ratecjj mechanically from 
the residual one. • 

The complete separation of the spbstancn conceited depends upon two 
different factors. Firstly, tho phases must be separated completely from one 
another, otherwise • each will be contaminated with the other and thus 
rendered impure. Solids, for example, must have adhering to them none of 
the liquid from which they were separated, and no liquid must be enclosed 
in cells within their substance. . Liquids must retain none of a finely divided' 
precipitate. Cases must be freed from fine chops or impalpable powder be¬ 
longing to the phaso from which they were to have been separated. This.part 
of the separation is purely a mechanical one, involving tho # use of separating 
methods which depend, for their efficiency, upon the different properties and 
characteristics of the phases to be separated. 

On the other hand, another more insidious cause of impurity exists in 
the tendency manifested by a phase to dissolve a portion from any other 
phase with which it may conic into contact. This tendency manifests itsolt 
in solids as the so-called solid solution or isomorphous mixture ; in liquid s, 
as solubility; and in gases, as the vapour teusion of the impurity/The 
contaminating substance retained in this fashion is not merely held in 
mechanical fashion, but becomes physico-chemically a part #f the phase 
which contains it. 

For example, the usual ways in which solids formed from liquids maybe 
contaminated may be considered. The crudest and most obvious cause of 
contamination is purely mechanical; much liquid adheres to the surface of 
the solid. In the preparation of pure substances the centrifugal draining 
of tho crystals is of diioruous assistance in eliminating this adhering mother 
liquor. The advantages of ^centrifugal action, which has long Jieeri used in 
technical processes, have been appreciated by few scientific investigators . 1 

A less obvious, but merely mechanical, cause of incomplete Reparation, 
arises from tho fact that all precipitates or crystals made from aqueous 
solutions contain included water which does not belong to them, even, for 
example, the beautifully brilliant and apparently quite «dry crystals of 
electrolytic silver . 2 3 This appears to be very pure, but v V reality contains 
both water a nd si lver nitrate imprisoned in miquto cell^ throughout its 
structure. Thus, as a rule, every solid prepared from a liquid which is to bo 
weighed with accuracy should be fused in a dry atmosphere •beforo*\\cighing 
in order to expel the accidental water. Merely heating to 200° 0. or more is 
not <»ough, because the traces of included liquid are not able to foreo their 
way out of»th(^firmly knit solid structure. # 

Waiter rqpy bo held, not merely mechanically, but also in chemical 
fashion with great pertinacity. The presence of ♦unsuspected traces of water 
constitutes one of tho most insidious sources of e**or in preci.^ chemical 
wor]v. It is not easily found Jjy chemical tests, and y)fte» prodifcel* no 
important change in*the outward appearance of the substance in vrhioh it 
lurks,although its presence may he far more injurious than almost any other 
impurity. To illustrate this, suppose that tho atomic weight of »ickel is the 

1 The consistent uschf this pieces'- has cn#tiibuted much to the success of the Harvard 

work on atomic wifghts. , * • # *# 

3 Rayleigh and Sidgwick, Phil. 'Prana,, 18^4, I75> 470. * Richards and ms co-workers, 
Proc. Amer. Acad., 1S9£, 35, 123; 1902, 37 , 415. Zedsch. physilnl. Chcm., 19C3, 46 , 
1$9. J, Amer. Chem. Soc, 1915, 37 , *7. little tt and 4iis co-workers, Trans. Amer. 
SUchrochem. Soc., If07, 12 , 257 ; 1912, 22 , 345. 
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constant to bo determined, and that O'l per cent, of resiciual crystal water is 
present ii) nickel brpmido to be analysed. This comparatively small amount 
of impurity would raise the resulting observod value for the atomic weight 
of nickel from 58*71 to $8*93, or more than a third of one per cent. The same 
amount of cobalt bromide present as an impurity would cause an error only 
■ about 1/700 so great, namely, about 0 0003 -an amount Wholly negligible. 

The elimination pf water is therefore one of the most important experi¬ 
mental problems presented to the exact analyst. This has been solved at 
c Harvard by the gradual evolution of a very simple apparatus. 1 It consists 
of an? ignition tube All fitted intp a soft glass tube (Jl) which has a projection 
or pocket C in one side (see fig. 74). A weighing bottb is placed at the end 
of the latter tube,,and its stopper in the pocket. The boat containing the 
substance to be dried is heated in the hard glass or quartz tube surrounded 
by an atmosphere consisting of any desired mixture of gases. These gases 
are displaced, after partial cooling, by pure, dry air, and the boat is pushed 
past the stopper into the weighing bottle by moans of a wiro through A, the 
stopper being then forced into place and the substance thus shut up in an 
entirely dry atmosphere. The weighing bottle may now be removed, placed 
in an ordinary desiccator, and weighed at leisure. 2 

In numerous cases it is impossible to fuse a substance without decomposi- 



Fio. 74. 


tion taking place. It is then necessary to dry the substance, preferably in 
the bottling apparatus already described, under definite conditions that may 
readily be reproduced, and to carry out special experiments in which the 
substance, 0 dried as for an analysis, is decomposed in a suitable manner and 
the water set free collected in a phosphorus pentoxide tube and weighed. 8 
In other cases it is possible to obtain a substance free from water by a suit- 
able t .choice in r Uyv method of preparation. For instance, & is impossible to 
prepare anhydrous selenium dioxide by dehydrating selenious acid, but it 
can be accomplished b/ synthesising the oxide (which-\ublimes without 
melting), from selenium and oxygen. 4 

Still considering the pernicious influence of water, there exists one other 
class of substances to be mentioned—namely, substances which arc decom¬ 
posed by water. The problem in such oases is obviously not to eliminate 
w#tcr contained in the substances but to prevent access of water prior to the 
determination of their weight, and in general it is necessary to take particular 
procautions to purify tl^o substances from the produces formed from them bv 

~ ~ ~ , if •• 

’-Richards, Zcitsch. anorg. Chnn., 1895, 8, 267; Richards' and Pinker, ibid , 1897, 
13 , 86 ; Richards, Kolhner, and Tiedc, J. Amer. Chem. Soe., 1909, 31 , 6 ; Richards and 
Willard, ibid., 1910, 32 4 : Carnegie. Inal. Publications , 1910, No. 125. 

3 See alsd Egan and liaise, J. Amer. Chem. Soc. t 1913, 35 * 365. 4 

" * Examples may he found in the work of Baxter and others; see Baxter and Coffin, 
J' Amer. Chem. ,Soe., 1909, 31 , 297; Baxter ana Jesse, ibid.? 1909, 31 , 541; Baxter, 
MuelW, Ud Hines, ibid., 1909, 31 , 529 ; Baxter and Tilley, ibid., 19^9, 31 , 201; Baxter 
and Jones, tW., 1910, 32 , 2f»8 ; Baxter apd Chapin, ibid., 1911, 33 , h 

4 Jannek and J.« Meyer, Zeilsch. EleHrbchem., 1913, 19 , 833 ; Zeitsch. anorg. Chem,, 
1913. 8 ^. 51. 
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uitf aotion of water. ^ The chlorides and bromides of the non-metals are cases 


in point. 1 * 

The solvent itself is not, however, the only L.ipurty carried clown with 
the precipitate or crystal formed from a liquid ; lr|ios of any and all other 
substances which may be in solution fire likewise adsorbed by the precipitate. 
Thus, in any ordinary metathetical precipitation*the precipitate is likely to 
contain traces of all the acids and bases present, besides the components con¬ 
stituting the precipitate proper. Silver chloride, for example*when precipi¬ 
tated from sodium chloride by silver nitrate, may contain traces of sodiuni t 
chloride, of silver nitrate, and of sodium nitrate, according to the manner of 
precipitation. The <jnly way of guarding Jgainst this source of error is to 
use solutions at as great a dilution as possible. That portion df the 
adsorbed substance on or near the surface of the precipitate may usually be 
romoved by thorough washing, but some is generally imprisoned beneath the 
surface, and no amount of washing can eliminate this. Those precipitates 
which, like silver chloride, have a loose sponge-liko structure, may^thcrefore 
bo more successfully washed than the rigid crystalline ones; for the inner¬ 
most pores of the spongy precipitates are accessible, while those of crystalline 
precipitates are not. Hence such precipitates are eminently suih'M* for 
precise work.* 

Not only do solids thus formed from liquids tend to hold the impurities 
which surrounded theih at the moment of their formation, but?solids formed 
from solids have precisely the same tendency. Thus cupric oxide made by 
the ignition of the basic nitrate always contains nitrogen, which is t>hly 
eliminated at the temperature at which the oxide itself begins to decompose. 2 . 

The mechanical iftethods for removing solid impurities from liquids are 
so well known thn> attention need not be directed to them here, except, 
perhaps, to reiterate the advantages of centrifugal treatment and to 
emphasiso in passing the convenience and accuracy of the •Gooeh-Munroe 
crucible, with a mat of polished platinum sponge as* a filtering medium. 3 
The physico-chemical causes of contamination of liquids, howefer, are less 
generally known. All liquids tend to dissolve a portion of eveiy other phase, 
whether solid, liquid, or gas, with which they c<fme jnto contact; e.y. the 
vessels in whichHho liquids arc contained, the precipitated produced within 
them, and the gases above tlfem. Sometimes the solubilit^ is so slight as to 
be negligible more often than is generally supposed its extent is 

appreciable. Stas, who employed glass vessels, was never able jo free his 
salts completely from silica. Increased accuracy is now attained in modern 
wodt by the use of vessels of platinum and fused quartz. 

The iolujnlity of precipitates affects the result of final quantitative 
^analysis in obvious ways If the precipitate is soirtewhat soluble in water, 
it will not all be collected upon the filter, and some means must be taken to 
estimate the amount >vhic!i-reftmins in nolut.idn. Moreover, if some of the 


precipitate dissolves, the^nd point of the reaction becomes difficult ty (^etect, 


*• For suitable methods of procedure, see Thorpe, Trans. Chrm. Soc. y 1885,47, 108, 129; 
Hoskyns-Abrahall, ibid , 1892, 6i, 650; Gautier? Ann. I him. Phys., J899, [vii. ], i8, 
852 ; Baxter, Moore, and Btfvlston, j. Amer. Chew. Soc., 1912, 259 ; Briscoe and Little, 

Trans. Chem. Soc. y 1944, 105 , TUO. 

2 An appreciable part of the superiority of the more recent determination^ of atomic 
weights over thus# of Stas and bis contemporaries js Vlue tq^the careful elimination of this 
'type of error. . • • 

a n w m- 7 A,.-i Chem t 18 ^g i 2y . Chcm % Nem l 18&>, 58 , 101. 
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inasmuch as the dissolved portion is'precipitated by audition oj either of 

the ions to which it givos rise. Thus, a solution of silver chloride is 
precipitated by eit) er a silver salt or a chloride. 1 In sonic cases Stas' 
recognised this tendon^, especially in his 'lat^r work; but he did not 
always sufficiently heed it. He devised a simple instrument for estimating 
the traces of precipitate prdduced by adding suitable reagents to such very 
dilute solutions. This has been improved and made more general in its 
application, afid haB'received the name of nephelometer or cloud lheaSurer. 2 
With this instrument minute traces of suspended matter may be estimated 
approximately from the brightness of the light reflected. The construction 
is very simple; two test-tubes, Mcar together and slightly inclined to one 
another, are arranged so as to bo partly or wholly shielded from a bright 
source of light by sliding shades. The tubes are observed from above through 
two thin prisms, which bring their images together and produce an appear¬ 
ance, resembling that in the familiar half-shadow apparatus. The unknown 
quantity'of dissolved substance is precipitated as a faint opalescence in one 
tube by means of suitable reagents ; and a known amount treated in exactly 
the same way is prepared in the other. Each precipitate reflects the light, 
the U'Ub'M’ appearing faintly luminous. The amount in the second tube is 
adjusted until both tubes are exactly similar in appearance. The unknown 
quantity then admits of easy calculation. 

Liquids tend to dissolve not only solids, but also gases and other liquids. 
Consider, for instance, the final purification of silver. Stas undoubtedly 
contaminated his silver with oxygen by fusing it in an oxidising environment; 
and by suddenly cooling the silver by pouring it into water, he prevented 
this oxygen from escaping from the molten metal in flic act of solidifying. 
The error of 0’05 per cent, in his value for the atomic .weight of chlorine is 
to be traced at least in part to this source, for be assumed that his silver was 
pure, and that the gain in weight on Conversion into the chloride represented 
all the chlorine addedv^ This particular difficulty has only been overcome by 
rigorously excluding all oxygemand fusing silver either in vacuum or in 
hydrogen. Not only solids and liquids ha\e this tendency of holding back 
other substances taken from the phases around them ; gases may also carry 
, away, both mechanically and physieo-cheraically, portions' of* the phases with 
which'they are associated. Gases evolved from*-solids often carry away fine 
powder with them, particularly in cases where the decomposition of the solid 
involves considerable molecular rearrangement. It seems as if the molecule, 
in its upheaval, is separated from its fellows, and hence an impalpable powder 
of almost molecular fineness may be carried away with the evolved j*as. 
Gases from liquids also, provided they escapo in the form of bubbles, aKvays 
carry for a long distance-exceedingly fine drops which result from the burst¬ 
ing of these bubbles on the liquid surface On the other hand, there ds ■good* 
evidence that the drops are nbt me#hanically<icarried away to an appreciable 
extent when the evaporation is conducted without the formation of bubbles,- 
and accordingly quantitative evaporation should be carried out either on the 
steam'bath or in a vacuum desiccator or with the help of a downward blast 


} Mill dor, Silberprobi, Met bode, 1859; Kiehards and Wells, Carnegie Institution of 
Washington, 1905, Publication 28 , pp. 24, 45. ' ,» 

? Richards, Zeitsrh anorg. Chern , 1895, 8, '269 ; Richards and Wells*, ,4m«r. Chem. J., 
1904, 3 * 2#5 }.Richards, ibid., u 190G, 35 , 510. See also Kobcr, J. Amcr, Chem. Soc 1918, 
3S 1585; Briscoe and Little, loc. cit. ' o , 

9 Richards and Wells, Carnegie Institution of Washington, 1905, Publication 28 , p. 2. 
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of pure ar at a temperature just below the boiling-point.J The first-named 
of these processes cannot be used in the most exact work bocauso it con- 
cam(nates tho substance with ^he impurity almost inevitably present in the 
Air of the laboratory. • t 

Evaporation or distillation under diminished yressurc is especially to be 
recommended if carried out with suitable precautions. The considerable* 
lowering of the temperature of evaporation diminishes tljp risk # of decomposi¬ 
tion of a somewhat unstable substance, and greatly decreases the etiect of all 
tho solvents and vapours upon the vapours employed. As a general rule, thei 
lower the pressure the more advantageous the process, and for an obvious , 
reason. If any air «till exists in the apparatus, the vapour of the hquid 
to be evaporated may go from the solution to the condenser or to the 
absorbing material in the desiccator only by pushing this air aside. Passage 
from the solution to tho drying material is thus effected by the slow process 
of diffusion. On the other hand, when all the air is removed, no inyx'dihient 
exists in the passage of the vapour from one place to tho other. As the 
vapour is condensed or absorbed, a partial vacuum is created which is immedi¬ 
ately replenished from the liquid to be evaporated, anti the process proceeds 
with great ran id ity. * * 

IMiysioo-chemically, gases may carry away impurities by evaporation, as is 
well known. Possiblcjoss of material in this way must always be guarded 
against. Precaution must also be taken to guard against possible introduction 
of impurity front incoming gas, which may be contaminated with volatile 
impurities taken from so-called purifying agents or improperly used rubber 
tubes. For example.^ it is frequently recommended to purify hydrogen by* 
passing it through potassium permanganate, silver nitrate, strong sulphuric 
acid, and calcium elflorid** one after the other.. The potassium permanganfflte 
contaminates tho hydrogen* with traces^>f oxygen ; the silver nitrate is partly 
reduced by tho light of the laboratory, and # adds an impurity of an oxide of 
nitrogen; the sulphuric acid fails to remove tln.se impurities, and adds sul¬ 
phur dioxide because of its own reduction by hydrogen ; the calcium chloride, 
not being so good a desiccating agent ns sulphuric acid, adds water vapour to 
the list of contaminating substances. Thus the hydr<igen # cmorges from tho 
train of so-called purifiers distinctly less pure than it w.t flic. first place. 2 

The constr^e^n of the laboiatory is by no mgans unimportant in carrying 
out precise quantitative work The ideal laboratory should he built ns tho - 
modern hospital is built, and every precaution taken against dusttuid fumes. 
Nevertheless, even in a badly arranged laboiatory excellent work may bo. 
don« if precaution is taken to carry out all the manipulations under cover, 
protected 1 •fro*) dust and noxious vapours. The laboratory is important, lmt is 
# by nj> meaiijf the most cssontial condition for the performance of accurate work. 

Having dealt with th$ various possible sources of contamination of 
materials, tho quantitative* side of thS matter# m&y now lje discussed. 
Measuring apparatus of •various kinds must here bo ujjed. The apparatus 
must be good, of coftrse, but extraordinary refinement or but ward beauty is 
not always necessary. As a rule, physical errors are more easy Uyivoid than 
chemical ones, as is shown by the fact that physical# data arc usually known , 


1 See Richards and Forbes, Carnegie institution of Washington , 1907, Publication 
69 , p. 53. • * . • • * * 

a Similar instances are by no menus uncommonly recounted in the literature, and often 
they have led to the complete nullification of any usefulness which, might otherwise have 
existed in the final results of an investigation. • • 
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to a much higher ^egree of percentage accuracy than chemical data. . The 
difference in precision is by no means due to greater intelligence and care on 
the one side of the two classes of scientific meq than on the other, but rather 
to the nature of the two^roblems concerned. f 

A comparatively simple piece of apparatus of known error and capable of 
-accurate correction is better than a complex contrivance <0f unknown error, 
provided that jn essentials the apparatus is adequate. 

The quantitative operation most frequently employed is that of weighing. 
For this purpose any good balance will servo, provided it yields constant 
results. The orrors in weighing usually arise from the changing buoy¬ 
ancy of the air and the variation in tho hygroscopic and electrical con¬ 
dition of the surface of the vessels weighed. These errors cannot be cured 
by the most expensive and sensitive balance, but must be intelligently 
eliminated with the greatest care. The admirable work of Landolt 1 exemplifies 
this fact in a striking manner. Weighing should be effected by substitution, 
using, botli as makeweight and as tare, vessels precisely similar in volume, 
weight, and surface to the vessel containing the substance to be weighed. 
The role played by the'balauco itself is nearly always the most accurate part 
of thiT^ uole piocess if the weights have been properly standardised. 

A word about the scale of operations is perhaps not out of place. Shall 
the experiments use a very large quantity of material as Stas did, or shall he 
adopt an infinitesimal quantity as is recommended by Hinriohs? The answer 
to jihis question varies somewhat according to the circumstances of the 
particular case. When a small amount of impurity is to be estimated in a 
'substance, much material should be used in analysis, asevoryone knows. This 
is not always so true, on the other hand, when the whole amount of substance is 
to be precipitated instead of merely a very small fraction tff it. In this latter 
ease the accuracy of the work depends more on the purity of the original 
material and of the precipitate, a,nd upon the completeness of the reaction, 
than upon the quantity of material used in the individual experiments. 

For example, Stas used very 0 large quantities of material, sometimes as 
much as 400 grams of silver in a single experiment, hoping in this way to 
increase the accuracy, of las results. Obviously, however since tho purely 
chemical errors iVn^ot the errors of weighing formed tho largest part of the 
cause of uncertainty in the, outcome, this expenditure of JL-ime was often 
misplaced. To obtain a precision of one part in 100,000, it is only necessary 
to weigh 400 grams to within 4 milligrams. If the silver contains as much 
as one-thousandth of 1 per cent, impurity, there is no use in weighing it 
. more accurately than this. Now Stas’s silver probably contained at l^ast 
fifteen times this percentage of impurity. Evidently, then, if he had weighed 
his 400 grams of silver to within 6 centigrams, it would have been as accurately ( 
weighed as the purity of h$ material warranted. Ten grams of silver 
weighed to within one milligram (a degree°of'accuracy attainable in any 
analytic,>1 balance) would have yielded just as,good results as those he actually 
obtained. The endrmous expenditure of time put upon these large quantities 
of materia] was therefore wasted; it would have been much better if it. had 
been spent in making the,silver really pure in the first place. 

Jn most of the modern Harvard work ypon afbmic weights a greater 
degree of accuracy than one part in 100,000 was not attempted, 10 grams 

1 Landolt, AbhancUunyen der Bunsen b'ekllschdft, 1909, No.,1; and the references 
_•! quoted on p 5. 
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oi material .being usually sufficient to use in any experiment to enable this 
accuracy to be realised. The effort should be made, therefore, not to spend 
needless exertion in preparing enormous quantities, but father to put time 
and energy into making the substances actually weighfi really*pure, so that 
10 grams shall consist of nothing but that which if is supposed to bo. 

It is true that woth large quantities, other things being equal, a somewhat 
higher degree of mechanical accuracy can be attained, but this, in many cases, 
is undoubtedly offset by the extraordinary difficulty of preparing*a very large 
amount of any substance in a state of the highest purity. On the other hand, 
the use of very small amounts of material in analytical work unquestionably 
leads to equally great errors from another caftsc. Here it is easy to purify 
substances, but because of the limitations of sight and manual dexterity*it is 
not possible to analyse them accurately. If only 1 gram of*material is taken, 
for example, one must collect and weigh one’s precipitate to within the 
hundredth of a milligram in order to attain an accuracy of one part in 100,000 
—and this is practically impossible. Hence common sense dictates tlfb choice 
of a middle path between the two extremes, using quantities of material not 
less than 5 grams or over 50 grams if a degree of accuracy such as that* 
mentioned above is desired. With 5 grains this degree would .be f.P ”'*ed 
by weighing t<5 within one-twentieth of a milligram—a degree of precision 
perfectly attainable as regards both the collecting of the precipitate and the 
procass of weighing. * * 

The best apparatus and the best methods possess faults, and these must 
be evaluated and corrected before a precise result is to bo obtained. Tile 
methods of doing this vary so much with the details of the special processes 
that only one or two general remarks can be made here. It may be taken as 
a general precaution*' hat # control experiments should always be performed 
under precisely the same conditions as* govern the main experiment. Suppose, 
for example, that a substance is to be evaporated and weighed in a quartz 
flask. The weighing must bo done by comparison with*a counterpoise flask 
filled with dry air at the same temperature, cooled in the same fashion as the 
flask containing the precious material. Tho weighing must be done by 
substitution, and during the process each flask mus? be Ju’eatcd in precisely 
the same way in flrder that any errors pertaining to one weight shall accrue 
likewise to the other. Thus*in a souse the enipty counterpoise flask is a , 
control. * • * 

Accurate Determinations op Atomic Weights. • 

the previous section attention has been draw n to the extreme care required 
in modern determinations of atomic weights. In order to further exemplify 
this and to illustrate the general method of procedure, two typical examples 
will now bo described—namely, the revision of the atomic weight of lithium 
by Richards and Willard, and*th#t of nitrogen b/ Guyc and his collaborators. 

The former is essentially a chemical investigation, com prising* a ruiqiber 
of careful gravimetric analyses of lithium chloride; it Jk*typical of* many 
excellent atomic weight determinations effected by tho analysis of a chloride 
or bromide. The latter is partly a. chemical ijnd partly a physical‘research. 
The chemical methods ar8 noteworthy owing to their unfisual character, ayd 
also because they afford the refjuired^ atomic weight by direct reference to 
oxygen; the physical methods are interesting^ since the results thgy#aflofd, 
although less accurate and conclusive lji§n those obtained chemi<!klly,Never¬ 
theless confirm the chemical value ip a vejy satisfactory manner. 
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.. (THE ATOMIC WEIGHT OF LITI^UM. 

During the eafly p<art of the nineteenth, century no fowor than twelve 
different investigators‘ihado separate and independent determinations of the 
atomic of lithium, but their results were far from concordant, ranging from 
(rl (Hermann, 1829) to l6*l (Arfvedson, 1817). 1 In 18&5 Stas 2 doterminod 
the ratios LiCI/A" and LiCI/LiN0 3 , and found Urn corresponding atomic 
weights of lithium to bo 7'003 and 6*96 respectively, when that of silver is 
taken as 107 '88. The difference between these two values amounts to 
practically 1 per cent.—a result that cannot be considered satisfactory, and 
that is, moreover, very remarkable in view of the high degree of accuracy 
usually attained by Stas in his investigations. Twenty-four years later 
Dittmar 3 determined the ratio Li 2 C0 3 /C0o and found the atomic weight of 
lithium to be 6'89 (Ag = 107*88), a result which does not agree with either of 
those obtained by Stas. This was the state of our knowledge when Richards 
and Willard 4 began their investigations, and, by studying the ratio LiOl/AgCl, 5 
.showed that the correct atomic weight of lithium is 6’94. Their method of 
procedure was as follcftvs:— 

Preparation of Materials.—All the materials used in the research 
were purified with the greatest care. The most insidious sources of impurity 
in work of tips kind are dust and the various gases sometimes contained in 
the air of the laboratory, and the most efficient methods of purification*may 
fail to give a pure product unless careful attention is paid to this. The 
presence of dust, which always contains sodium, was especially noticeable in 
the preparation of pure lithium salts where sodium was the element most 
difficult to remove. Tt was found that a lithiurti salt free from sodium always 
acquired traces of this element after being crystallised in’the usual way. The 
air of the room was therefore kept jj.s pure as pbssible, and all evaporation 
and handling 1 ' of solutions and salts in the final work were conducted in a 
large glass case. Afi heating was conducted electrically in order to avoid the 
deleterious effects of products uf combustion. The vessels used in purifying 
materials were usually of quartz or platinum. Where glass was unavoidable, 
the best Jena gbiss was deployed. 

Water. — Dtetjllnd water of the laboratory was twice redistilled, once from 
alkaline permanganate anti once alone using pure tin condensers without 
rubber or cork connections. In special cases the water was condensed ayd 
collected ^wholly in platinum. Oust was excluded bypassing the end of the 
condenser through a hole blown in the bulb of a small flask which rested on 
the mouth of a large Jena flask in which the water was collected and scored. 
Water was always distilled just before use. , t 1 

Nitric Acid.— Carefully tested pure nitric acid of commerco was redistilled, 
using a platinum condcnscf. When required i;o -ho free from chlorino the 
first portion was rejdoted and the “acid redistilled until it showed no trace of 
thi^-element with the nephelometer. a 

Hydrochloric The pure acid of commerce .was boiled with a little pure 

potassium permanganate and then repeatedly distilled, using a quartz condenser. 

Ammonium Fluoride^—Wxxe* hydrofluoric acid was distilled in a platinum 

1 For full references to these researches seo^Vol. if. of this series.* 

' 8 Stan, fEuvres co npUtes, i. 710 and 717. 

* DKtmaf, Proc. Roy. Soc.Edin.. 1889, 3£, ii- 429. 

4 Richards and Wjllard, Carnegie Institution of I Washington, 1010, Publication 125 . 

5 The ratios LiCl/Ag and Li r J10 4 /LiCl nrcrc alco studied. 
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H«wt and, neutralised by distilling into it pure ammonia obtained from j 
concentrated solution. * 

Hydrazine Hydrate .—This was prepared by .<istii'ir<g to dryyess in i 
platinum vessel a mixture Itydrazino sulphate anc^wico the theoretically 
requisite quantity of potassium hydVoxide solution. The distillate was 
redistilled to free it from the traces of alkali*carried ovoi in the first 
operation, and preserved in a platinum vessel. 

Silver .—This metal was prepared by soveral different modifications of 
the following method. Pure silver nitrate was recrystallised five times from 
dilute nitric acid, the crystals being centrifugally drained in platinum funnels. 
The silver was then precipitated by anunanium formate (prepared from 
redistilled ammonia and formic acid) and fused on pure lime iu a current 
of hydrogen. * 

Lithium Chloride *—Tho most common impurities in lithium salts, and like¬ 
wise the most difficult to eliminate, are compounds of the alkali and alkaline 
earth metals. In the material forming the source of the lithium tfhloride 
in the work tho only appreciable impurities were iron, calcium, potassium, 
and sodium, as well as, possibly, traces of magnesium. *It is true that none* 
of the last-named metal was over detected, but Richards and Willard* Hg^ly 
argue that thlls does not prove its entire absence owing to the lack of a 
sufficiently delicate reaction for the same. Since iron can bo easily removed, 
the separation of potassium, sodium, calcium, and magnesium ^required the 
most careful consideration, the relative effects on the atomic weight of 
lithium varying in tho order given, that of the potassium being greatest. * ’ 
Attention was first turned to the methods of eliminating potassium and 
sodium, which go together. Those employed by previous investigators were 
either inadequate o» extremely wasteful. A study was therefore made of 
the most suitable salts for tlte purpose. A search among the insoluble salts 
of lithium showed that the solubility of the fluoride is only 2*7 grams per 
litre, whereas sodium fluoride is 10 times jfnd potassiuhi fluoride .'1-10 times 
more soluble. It was further found that the solubility of lithium'fluoride is 
not appreciably affected by the presence of ammonium salts. Evidently the 
precipitation of lithium fluoride by ammonium fluorine ought to bo an 
extremely efficient means of removing potassium and sodium Without appreci¬ 
able loss of lithium, and this vfas found to be true. * 

But this does not remove calcium ant? nmgnesfum, since their 

fluorides are even less soluble than lithium fluoride. These may be wholly 
separated, however, by recrystallisation of the lithium as the perchlorate or 
nitrato. Hence the following method of purification was ultimately adopted. 
The nuorid#, free from sodium and potassium, but containing possible traces, 
of calcium, magnesium, and sulpha! e, was converted id to nitrate by heating 
ifi a platinum*retort with nitric acid. The product was rccrystalliscd soveral 
timos, using centrifugal drainage.* • # • 

Since even in the mother liquors from the first recrystallisation ffo calcium, 
magnesium, or sulptoto could fto detected by ordinary'tests, there no 
doubt that the recrystalliscd salt was exceedingly pure. All silica must have ! 
been removed when the fluoride wag dissolved jn acid. 

The final step of the iteqnence of operations alone remained £o be takep, 
namely, tho conversion of the salt infcq lithium chloride. The solution was 
poured into a hat concentrated solution of ammonium carbonate wjiieh httd 
been distilled in *a platinum retort, aqd,tbe precipitated lithium* carbonate 
was washed several tubes with hot water, ysing contrifugal drainage. It was 
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essential that hot and concentrated solutions should be* used ; otherwise the 
yield of carbonato was small. The precipitato was coarsely crystalline and 
easily washed. Tins process obviously served as a further means of purifica¬ 
tion and rondered certain the elimination of any traces of fluoride which 
might have found its wav through the successive recrystallisations of the 
nitrate. The carbonate was dried at 300° C., dissolved ja slightly less than 
the theoretical amount of the purest hydrochloric acid which had been twice 
distilled, condensed, and collected in quartz vessels. The solutiorf contained 
a trace of nitrate, and to convert this into chloride without fear of attacking 
the platinum, a solution of hydrazine hydrate (see p. ‘251) was added, and then 
excess of hydrochloric acid. Afcer boiling the liquid fqy a few minutes, all the 
nitr&te was reduced, and there remained a solution of pure lithium chlorido 
with a little hydrochloric acid and hydrazine chloride, both of which were com¬ 
pletely volatilised in subsequent operations. The chloride was crystallised 
onoe or twice and dried as indicated below. It was then ready for analysis. 

Drying and Weighing the Lithium Chloride.— The final prepara¬ 
tion of the salt for analysis consisted in expelling the last traces of water by 
fusion in a platinum- boat in a current of dry hydrochloric acid gas and 
nit*eger.. TV this end the apparatus shown in fig. 74 (p. 244) was employed. 
The gases issued under slight pressure, and the temperathre was slowly 
raised so as to expel from the salt as much water as possible before fusion. 
The chloride was maintained in a state of fusion at red heat from 15 to 20 
minutes in an atmosphere of hydrogen chloride, which latter was then replaced 
by“pure nitrogen and the lithium chloride allowed to cool. It was then quite 
transparent and 1 colourless. Inasmuch as fused sodium chloride is essentially 
free from dissolved nitrogen when prepared under analogous conditions, 1 it 
seems reasonable to assume that the lithium salt likewise contained no appre¬ 
ciable quantity. After the nitrogen had been displaced by dry air, the boat 
was bottled and placed in a desiccator.' The platinum boat was always weighed 
separately before and after tho operation, but the loss in weight was only a 
few hundredths of a milligram- iL soindtimes none at all. The weighings were 
conducted with a Troemner balance, and successive weighings of the same 
object were rarely /ound to differ by more than 0-02 mg. The Sartorius 
gold-plated brass weights and rider were standardised front time to time by 
the method described by Richards, 2 and ah weighi ngs wore made by 
substitution, using-a couiHorpoisc similar to the object iJeuTg weighed. The 
weights required were, in consequence, never large in amount, and the 
influence of changes in atmospheric conditions was negligible. The vacuum 
corrections applied were as follows, the density of the weights being 8-3 ( i— 


■ 

, s 

Density > 

Vacuum Cor.ection 
per Oram. 

Silver . « l ' . 

10-49 

«- 0 000030 

Silver chloride. 

5 56 ’ 

+ 0-0000732 

Lithium chloride 3 .... 

2-068 

+ 0 000436 

Lithinn perchlorate. . . 

* 2-428 

+ 0 000350 


i 1 Richards and Wei’s, J. Amer. C/iem. Soc., 1905, 27 , 513. 
2 Richards, J. Amcr. Cheru. 'Soc. , 1900. 22 , 144. . 

8 Baxter, Am$r. Chem, J., 1904, 31 , 558, 
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After weighing, tbe platinum boat containing 1 'nr fnsJd chloride was 
placed in a 3-litre Erlenmeyer flask of Jena glass, fitted .vith a ground and 
polished stopper. 50 to 80 c.c. of water wero now adcV-d, and \yhon the 
chloride had dissolved, and 9 dbop of phcnolphthaleirk coloured faintly pink 
with a trace of sodium hydroxide had proved the solution to ho entirely free 
from any trace of (v^id, about one litre of water Vas added, the platimm 
boat removed and washed, the washings being added to the contents o‘ 
the flask. • • * 

Precipitating and Weighing the Silver Chloride.— The procipita 
tion of the silver chloride and all subsequent operations were carried oul 
under red light in the jlark room. To the solution of lithium chloride* wai 
added exactly the calculated amount of silver dissolved in a moderate c*cesf 
of nitric acid, the concentration being approximately decmormal. The 
mixture was shaken for ten minutes and allowed to stand overnight. The 
next day it was again shaken, and to it was added the excess of silver 
nitrate required for complete precipitation—about 0 - 05 gram of silver pci 
litre. This method greatly diminishes the danger of occlusion of silver 
nitrate . 1 The solution was shaken from time to tuna during the next day. 
and after standing until the supernatant liquid was perfeetly^eleas, it yae 
ready for filtration. 

In the final experiments a Cooeh-Munroe crucible 2 was used. The 
compete removal of sihbr chloride from the platinum sponge, wflhn preparing 
for a new analysis, required treatment with concentrated ammonia for al 
least 12 hours, followed by a very thorough washing. The crueiblo wfl,e 
always dried overnight at 250° C. and a perforated platinum plate waf 
placed upon the spon&e to prevent rupture by the contraction of the silvei 
chloride as it dried. •'I’he clear solution was poured through the crueiblo and 
the precipitate washed fouriimes by Recantation with a cold acid solution oi 
silver nitrate, about two-hundredth nornlal. The filtrate and washings were 
always practically free from excess of chloPine, so that4i constant correction 
of 0 04 mg. of silver chloride per litre was applied to them . 3 The precipitate 
was then washed ten times with very dilute nitric acid previously cooled in ice 
to reduce the solubility of the silver chloride, and finally transferred to the 
crucible by means of a jet of pure, cold water from a Ify/lrostatic wash 
bottle. The entire process Was conducted under a clean ^>ano of glass to 
prevent dust fftfiit^fulling into the crucible. The* lattec \*as finally wiped 
with a clean cloth and heated in the electric oven, gradually increasing the 
temperature to, 250° 0., where it was maintained for at least 10 hours. After 
it had been weighed, the main mass of silver chloride was separated from the 
platinum disc and fused in a covered quartz crucible contained in a larger 
one of porcelain. Since the cover was transparent, it*was possiblo to free the 
fused* chloride from the bubbles which invariably adhered to the crucible, 
without danger of loss from •sputt ering, by caibfud}' rotating the crucible. 
With one or two exception^ the fused silver chloride*was perfectly colyurless 
and transparent, shewing the absence of organic dust Awl occluded sflver 
nitrate. The loss on fusion was very small, never more than a few hundredths 
of a milligram per gram; the .correction # for the entire weight of silver 


* » . 

1 Richards am^Staehler, J. Amer. Chem. Hoc., 1907, 29 , 632. « 

3 Snelling, J. 4mer. Chem. Sue. , 1909, 31 , 45fl> Munjoe, J. Anal. C|«b,V 888 , 2 , 
241 ; Chem. News, 1886. 58 , 101. » » 

/ 3 Richards and Wells, J. Amer. Chen ^ Soc., J905, 27 , 487, 617. 
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chloride was calculated from that of the portion fused—always ever 90 per 
cent, of the total.' 

The flask, in which the original precipitation was carried out, was rinsed 
with ammonia to remove any chloride that might have escaped observation. 
This, with the washings, was tested as follows : To the total washings, 
exclusive of those with dilute silver nitrate, was added 0;Q7"*gram of silver as 
nitrate and, after the opalescence had appeared, it was dissolved by pouring 
into the amnloniacai rinsings. The volume was then made up to one litre.. 
A standard solution was prepared containing in one litre a known amount of 
chloride and the same quantity of ammonia and silver as present in the 
washings. 25 c.c. of each Were now pipotted into nephelometer tubes 
(see p. 246), 2 c.c. of dilute nitric acid added to each, and the contents stirred. 
The tubes were covered with glass caps each having a plane top and allowed to 
stand for 3 to 5 hours until constancy was attained. By the use of ice-cold 
wash-water the total nophclometer correction was reduced to about 0'35 mg. 
In the following table are given the results of the final series of experiments, 
from which it is evident that the atomic weight of lithium is 6*940, when the 
atomic weights of silver and chlorine are taken as 107*880 and 35*457 
respectively. • 

THE ATOMIC WEIGHT OF LITHIUM. 


Weight of 
Fused LiCl 
(Vacuum). 

Weight of 
Fused AgCl 
(Vacuum) 

LiCl 

AgCT 

Atomic Weight 
of Lithium. 
Ag=107*880 

Cl = 35 *457. 

6*28662 
5*82076 
6*70863 
6*24717 . 

5*50051 
>34521 
6*65987 

21*25442 

19*67873 

22*68030 

21T2073 
18*59000 
28*21438 
22*51564 

0*295779. * 

0*2957*90 

0*295791 

0*295784 

0*295790 

0*295779 

0*295789 

6*9391 

6*9407 

6*9409 

6*9399 

6*9407 

6*9391 

6*9106 

45*66877- 

154*06020 

0*29 r, 786 

6*9401 
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2. THE ATOMIC WEIGHT OF NITROGEN. 

The researches on the atomic weight of nitrogen, carried out at Geneva 
since 1904 by 1\ A. Guye and his collaborators , 1 include the analysis of 
nitron* oxide, both gravimetrically 2 and volumetrically , 3 4 the* gravimetric 
analyses of nitrosyl chloride 41 and nitrogen peroxide , 5 the indirect volumetric 
analysis of .ammonia , 6 tbo determination of the densities of nitrous oxide and 


1 A detailed account of the physical measurements carried out in connection with this 
work is givqn by Guyc in “ Recherehes exp 6 riinenta!es sur les propri 6 t 6 s phydeo chiiniques 
de quelques ga^ en relation avec les travaux de rdvidon du poids atomique de l’azoto ” (Guye, 
M4jn. Sci. phys. nat., 1%8, 35 , 548-694). 

2 Guye and Bogdan, J. Chim. phys., 1905, 3 , 637 T CompL. rend., 1904, 138 , 1494, 

, 3 Jaquerod and Bogdan, J. Chim. phys., 1905, 3 , 562 ; Com.pt. rend., 1904, 139 , 94, 

4 Guye W Fius 8 ,V. Chim., phys. } 19 08 , 6 , 732. 

8 Guye and Drouginfne, J. Chim. phys.,''*. 960, 8 , 473. 

6 Guye and Pintza' Mim. Sci, phys. nat , 1908. 35> - r, 94. 
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ammonia 1 by the vohimetric method, and the density of nitric oxide by th< 
ordinary globe method, 2 and, finally, the measurement of various gaseoui 
compressibilities 3 and critical constants. 4 „ , t 

It may be stated hero tjiaf?all pieces of apparatus were weighed by the 
method of vibrations against counterpoises of similar material and shape, and 
of nearly equal weight., and all weighings corrected >to the vacuum standard. 

Preparation arid Purification of Nitrogen Compounds Used.— 
Nitrous ortide. —Since the gas, prepared by any of Lin! usuaf methods, is 
always slightly contaminated with nitrogen, recourse was had to the 
method devised by V. Meyer. 5 Concentrated sodium nitrite solution was 
dropped from the vessgl D (fig. 77, p. 201) inV) a neutral solution of hydrbxyl- 
amine sulphate contained in the flask K The gas evolved was passed 
through potassium hydroxide solution and concentrated sulphuric acid in the 
bottles N and P respectively, and finally dried with phosphoric anhydride in 
S. Tho solutions were prepared in air-free distilled water, and at .the 
commencement of each experiment the apparatus was evacuated thrvffigh the- 
tube F; a small quantity of gas was then disengaged, and the apparatus 
again exhausted. A repetition of this procedure onse or twice served tef 
completely eliminate last traces of air, when the tube F was sealed. , , 

Nitric oxick. —This gas was produced by three distinct methods, namely: 
(a) Nitric acid (25 per cent.) was allowed to flow, drop by drop, into a boiling 
concentrated solution of ferrous sulphate in dilute sulphuric aci($ or a concen¬ 
trated solution of updium nitrite was slowly added to ono of ferrous chloride 
in hydrochloric acid. (i The evolved gas (20 litres) was collected over air fctee 
water in a copper gas-holder, from which it was afterwards driven through 
concentrated sulphuric acid and over phosphoric anhydride, and the dry gas 
condensed in a receiver cooled in liquid air. (b) A 2 per cent, solution of 
sodium nitrite in concentrated sulphuric acid was run into an Erlenmeyer 
flask, the bottom of which was covert.'! with a layer of mercury. 7 The 
nitric oxide produced was led through concentrated sulphuric acid, and then 
condensed at the temperature of liquid uii* Air was* initially eliminated 
from the apparatus by a process similar to that described under nitious oxide, 
(c) A 10 per cent, solution of sulphuric acid was tickled, drop by drop, to 
aqueous sodium nitrite (6 por coot.). Nitric oxide is protfucefljn this reaction 
by auto-oxidation of the nitrofls acid initially formed :— * ' 

.‘iHXOj,— HN0 8 + 2NO + IlJ>. ■ * 

The gas was thoroughly dried by conducting it through three vessefs contain¬ 
ing sulphuric acid, and finally liquefied. 

it will J>e noted that higher oxides of nitrogen were always absorbed by 
concentrated sulphuric acid, and not by potassium hydroxide, since the latter 
•_•_• _ _ _*■**•*«_ 

1 Guyeand Pintza, Cwnpt. reiuf , rt)01, 139, OM ; 19^5, 141, T>1 ; “ Heclieiehos exp^ri- 
men tales,” loc. at. % t 

• Guyo and Davila^ Compt. rendf, 1905, 141, 826; " Kecli.trejics experim^ntlles,” 
loc. cit. * * 

8 Jaquorod and Seheuer, Compt. rend.. 1905, # 140, 1384; ‘‘Recherche^ expfriraen* 
tales,” loc. cit. • ’ • 

4 Jaquerod, Her., 1906, 39, 1461 ; Hriner, J. CJtim phys., 1906, 4. 479 ; “Recherche* 
expdriinentales,” loc. ci £. * 

’ 6 V. Meyer, Ajinalen, 1875, 175- 141 ; 'Ilcadwell, Atvd. Chevnc, 1902, vol. ii. p. 5J2; 
also Trcadwell-HalL Analytical Chemistry (Wihy k Fvns). * m * % s 

® Gay-Lussac, Ann. Chim. Phys., 1843, (iii4, 23, 203 ; Thiele, Annalcn. 1889. 2 K 1 . 246. 

Emioh, Monatsh ltl92, 13, 73. 
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reagent slowly decomposes nitric oxide, producing potassium ^nitrite and, 
nitrous oxide. * 

The ^impurities*. still present in nitric oxide, prepared by the above 
methods, include smaljr (piantitics of nitrous"oxjdo and nitrogen, and traces 
of higher oxides of nitrogen, and such substances as hydrochloric acid, 
sulphur dioxide, and chlorine derived from the reagents # used. A considera¬ 
tion of the boiling-points of the impurities suggested that it should be* 
possible to prepare nitric- oxide free from all these impurities? with the 
possible exception of nitrogen, by liquefaction and fractional distillation. 
The presence of even 0*15 per cent, of nitrogen, however, would only cause 
an eriror of 0 01 per cent, in tlif value for the density of the gas. Accord¬ 
ingly, the nitric oxide was liquefied, and boiled under reduced pressuro, 
whereby the morenvolatile portions escaped, and the residue solidified. It was 
again liquefied, the more volatile portion again boiled ofl‘, and the procedure 
repeated five or six times, until the volume of the liquid had been reduced 
by one-Valf. The solidified residue was then slowly sublimed, under reduced 
pressure, and the final third rejected. This fractional sublimation was 
•repeated in various experiments from two to fivo times. 

^Nitrogen .Peroxide .—This was prepared by mixing, at - 20°, purified and 
carefully dried nitric oxido with excess of pure oxygen, prepared from 
potassium chlorate. The nitrogen peroxide was repeatedly distilled under 
reduced pressure in the presence of oxygen, to ensure'the absence of triqxide, 
which would have been difficult to remove by distillation. Special pre¬ 
cautions were taken to free the final product from dissolved oxygen 

Although nitrogen peroxide decomposes into nitric oxide and oxygen at 
moderately high temperatures, at ordinary temperatures the oxtent to which 
this decomposition proceeds is quite insignificant, ajv 1 the peroxide may 
therefore bo regarded as a stable substance. «. 

Ammonia* —Ammonia prepared Vrom commercial ammonium salts is 
always contaminated! with trace's of organic bases such as pyridine, which 
materially raise its density. Accordingly, the gas obtained from a cylinder 
containing 20 kilograms of liquid ammonia (the first half collected in the 
distillation of a supply-of commercial liquid ammonia) was slowly passed 
through a long, hard glass tube packed with little pieces' of'lime and heated 
to redness. The'organic compounds were thereby decomposed, the nitrogen 
contained in them being- Converted into ammonia. TA^Lming ammonia 
was collected in pure hydrochloric acid solution, and on crystallisation pure 
ammonium chloride was obtained. 

The apparatus for obtaining pure, dry ammonia for density measurements 
consisted of a large cylindrical tube, filled with a mixture of pure ammonium 
chloride and quicklime,' and connected with a purifying and drying system of 
8ix‘t'tfbe6. The first three of these were filled with solid potassium hydrdxide ? 
the others contained. anhydVous barium oxHe./AU the connections were of 
glass. The apparatus \Vas initially evacuated, and then swept out once or 
twice With dry ammonia, liberated at a convenient rate by suitably warming 
the mixture of ammonium chloride and lime. 4 

Nitro&gl Chloride. —This substance wap prepared by Tilden’s method, 1 a 
mixture of 'nitrosyl hydrogen sulphate and sodium chloride in equivalent 
quantities being warmed in vacuo in a small flask to 85° C. The diRtillato 
wao collected in admail receivor cooled"in a bath of solid carbon dioxide and 

_C . * l_ f __<__ 

o <.t 

1 Tilden, Trans. Chep. tioc. { 1860, 12 , 630, 852. 
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ether. The matorijds were previously dried in a vacuum* over phosphoric 
anhydride, and the apparatus thoroughly desiccated, rince Atrosyl chloride is 
immediately decomposed by water. For the puri.'.c^tion, tho^ nitrosyl 
chloride was several times fractionally crystallised, tlm, final crystals melted, 
and the liquid submitted to fractional distillation, with the rejection each 
time of tho first and last fractions. The impurities thus eliminated included 
traces of hydrogen chloride, chlorine, sulphur dioxide, and liigher oxides 
of nitrogen. * J 

Analytical Methods:—(a) Gravimetric Aruili/sn.—in tho cases of # 
nitrous oxide and nitrogen peroxide, weighed quantities of the compounds 
were decomposed by red-hot iron, which quantitatively absorbed tho oxygen. 
Iron spirals wore omployed, wound on thin porcelain rods, and oleotrfoally 
lioated. After an experiment, a spiral was prepared for further use by being 
heated in a current of pure hydrogen. Since each spiral used was oxidised 
and reduced a number of times in succession before the final experiments 



Fig. 75.—Apparatus for atulysis # of nitrous o,\jflo. 


were carried out, traces of impurities in the iron capable of forming volatile 
oxygon compounds ffiust have bemi eliminated. *, 

The experiniciilal arr^ngefnent adopted* for nitrous oxiife is indicated in 
fig. 75. The dw^rflfiosition vessel A contained Cln» iron .spiral, tho ends of 
which were silver-soldered to platinum leads fused into the vessel. Connec¬ 
tion with a mercury pump avus initially made through B, which \tas sealed 
off after A had been completely evacuated. Nitrous oxide was absorbed in 
0, containing Avood charcoal, which had previously been carefully purified 
by igniting in‘chlorine, boiling with concentrated hydrochloric acid, washing 
With Water afid drying in me no. The tube 0 was alternately saturaU (fWith 
nitrous oxide and evacuated # sgvtwal times before being#finally charged with 
the gas. In carrying out an analysis, A was first ‘evacuated ami weighed, 
Thfc apparatus being then tittafl up, B was exhausted *iw\ sealed Mf,*the 
spiral heated to bright reifne.ss, and by manipulating taps 1) and K, nftrous 
oxide*Avas passed, little by little, iqto A, tap F remaining closed. ‘After the 
nitrous oxide in A was •judged to bo completely (decomposed, *a very slow 
current of the gas, was allowefl to pass over the incandescent spiral, flic 
nitrogen escaping by F through the sulphuric acid in ft.* The cun^nt was 
stopped while a considerable portion <>£ tjie surface ef the spiral sfllf rdlnained 
unoxidised, D closed ftnd A slowly evacuated by connecting the pump to 0; 
vol. i. 17 
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throughout the evacuation the spiral was maintained at w red heat to ensure 
the absence of any iron nitride from its surface. Finally, taps K and F were 
closed, apd, on coolhig, the increase in weight of the vessel determined. The 
amount of nitrous oxidmused was given by the loss in weight of (J. 

The decomposition vessel used in the experiments with nitrogen peroxide 
is shown m fig. 70. It bvas first evacuated and weighed; pure nitrogen 
peroxide wai distilled into it, and frozen in the tubuluro A. The vessel was 
again exhausted, and the increase in weight, due to the pen xide, was 
determined. The spiral was then heated to bright redness, and the nitrogen 
peroxide in the tubuluro allowed to evaporate slowly, its vapour being 
completely decomposed. The l .isidual nitrogen was then pumped out, the 
spiral being still at a red heat, and finally the vacuous apparatus weighed 
again, after coolikg, in order to determine the weight of the oxygen fixed 
by the iron. 

For the complete analysis of nitrosyl chloride, the .pure, dry vapour was 
very skftvly led through a U tube containing finely divided silver, heated 
to 400"-500’ C.; special experiments showed that the chlorine was thereby 
quantitatively retained. The residual nitric oxide was conducted through 
a second U-tubo containing finely divided 
copper at the same temperature in order to 
absorb the oxygen; and the nitrogen was 
finally absorbed by metallic calcium, con¬ 
tained in a straight glass tube boated to 
redness. Each absorption tube was pro¬ 
vided with stopcocks, all connections being 
made by ground-glass joints according to 
Morlcy’s method; 1 /.ivd a manometer was 
introduced between the second and third 
absorption tubes. The entire apparatus 
of nitrogen peroxide. * ' was evacuated at the beginning of an ex- 

■* penmcnl, and if the experiment was suc¬ 

cessful, the apparatus remained vacuous at its termination. Perfect desicca¬ 
tion of the interior oj. thif apparatus w'as, of course, absolutely necessary ; the 
silver and coppbr were prepared for use by washing with fther and drying 
in carbon dioxidfe and hydrogen'respectively, while the calcium was heated 
to redness in vO'uq, to eliminate any trace of volatile inipflrrfiy. 

[b) Volumetric Analt/ws. —A cylindrical bulb containing an iron spiral 
and connected by a capillary tube to a mercury manometer formed the 
apparatus used in the volumetric analysis of nitrous oxide. The manometer 
was provided with the usual opaque-glass point, to which the rpercury was 
always adjusted whenever a measurement of pressure was required. The 
bulb was calibrated, and also the “ dead space ” along the capillary connection 
os far as the zero-paint; ifcid tlw volume*- of gas were corrected for the 
difference ‘in temperature between that in the bulb and the small amount 
in The' dead spaneff k <. 

The bulb was initially filled with pure, dry*nitrous oxide and packed 
with melting ice; the mercury was then adjusted to the zero-point, the 
pressure of the gasareah (to within 0*02 mm.) and reduced to the value at 
0* C. The globe was next dried and the nitfous oxide decomposed by heating 
the iron spiral to»-whiteness : to prevent permanent deformation of the bulb, 


1 Hurley, Smithsonian Contrib., 1895, 29 , Nfr. 980. 
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the spiral was repeatedly heated to an exceedingly high ^emperature, but 
only for a few seconds at a time, the apparatu. being* allowed to cool 
considerably between successive heatings. Each exp. riiyunl was qpntinued 
till further heating had no influence on the final volfr.o Finally, the bulb 
was allowed to cool, packed around with meltiug ice, and the pressure of the 
residual gas observed after adjusting the mercury zero onto more , 

. The volumetric analysis of ammonia was indirect; the rel.'itve volume's 
of nitroge.. and hydrogen which combine to form lhe*gas bf’mg deduced 
from the densities and compressibilities of hydrogen, nitrogen, and the , 
mixture of these gases that results from the decomposition of ammonia. 
The mixed gases were prepared by generating#pure ammonia from ammonium 
chloride and quicklime, and passing it slowly through a cylindrical Tube 
containing a platinum spiral healed to bright redness. The greater part of 
the ammonia decomposed ; the products passed through a U tube containing 
glass beads moistened with sulphuric acid to ub-.orb unchanged ammonia, 
and were dried over phosphoric anhydride. The mixed gases \\cre*fed into 
a volumeter, and the density measured as described later (p. 200). 

Density Measurements.—Modern determinations of gas densities’ 
have been effected by two methods, (i.) the “globe” method* and-(ii) the 
“volumeter" Tnethod. Kaeh of these was employed by (luye, the former 
with nitric oxide, and the latter with ammonia, nitrous oxide, and the 
mixture of nitrogen ant] hydrogen obtained from ammonia. 0 

In each method the weight of pure, dry gas, which, at an observed 
temperature (always 0° C. for Oiiyo’s measurements) and pressure (approxi¬ 
mately atmospheric), occupies a known volume, is determined. The “globe” 
method has been already outlined (p. 120) ; the “volumeter” method differs 
from it in that the mqasiyemcnts of pi assure, volume, and temperature are 
effected m one apparatus, \\*l*ilc the g%s is weighed in another. 1 

(i.) The “globe” method, first adapted to accurate work iJv Kcgnault,’ 2 
is comparatively simple to carry out, pormfls of soveruf experiments being 
conducted simultaneously, and furnishes results little, ft at all, inferior to 
those obtained by the volumeter method. It is not necessary to employ 
very laiyc globes, the results obtained with quite siflnll globes being at least 
as concordant anrjng themselves as those obtained with <S to 40 hire globes. 
Lord Rayleigh’s accurate experiments were? carried out w?th a globe the 
volume of which ■ wfiS about I S litres, while the’dCnsity «f *mtrio oxide was 
measured by Gray, using a globe of only 0‘2<>7 litre capacity. # ln their 
work on the density of nitric oxide Ouyo and Davila employed three globes 
of capacities (at 0° O.) 370*80, ,‘185*01, and 817*65 e c. respectively, calibrated 
by w£ighinff them empty and then filled with water at 0° (!. 

A small globe possesses the advantage that the (Correction n( ces*c'<;*.»on 
rifceount of it$ contraction,when evacuated is proportionally less than that 
t for a large globe. In fact, tiie*only orro* tliaf is augmented lry employ¬ 
ing a small globe is that # due to “adsorption” of gas. on the surfafce^of 
the^lass. . * • , 

To obtain accurate results, it is absolutely necessaiy to have the interior 

• • 

1 For the “globe” method ,vuh Miu'lcy, h>r. rit. ; Zritech. physical. Chnn. t 1SU6, 20 , i ; 
22 , 2 ; Rayleigh, Pi or. jjtoy So<\, 189o, 53 , 131; Leduc, Ann. f'Jmn. Vhys., 18I>8, (vii.), 
15 , fi; (tray, Trans % Chnn. Soc ., 1905, 87 , 1601 ; IVrman and Davits, Ijf-or. liny Sor ¥) 190tf, 
A, 78 , 28 ; Ratline, Vhvn pity?., 1908, 6 , 1. For thT volu*ieter method, sef MoHfcy, loc. 
fit.', Gray and Curt, Trapf. Chcm. Soc., 1909*95, 1633 ; Perinan and J)avics, loc. cit. 

51 Regnanlt, Contpl. rend,, 1845, 20 , 975* • * 
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of the globe pei^eetly dry, and to ensure this, after fiVst repeatedly filling 
the globe with pure air dried by phosphoric anhydrido, it is necessary to 
fill the globe repeatedly with tho pure, dry gas and evacuate. Successive 
density determinations 'then givo concordant results, provided care is taken 
to maintain the globe vacuous betweed the experiments. 

( The contraction undergone by each globe when evacuated was directly 
measured by the method suggested by Travers; 1 for this purpose the globe 
was supported in the interior of a large desiccator, the stem of* the globe 
( passing through one of the holes in a stopper in the desiccator lid. Through 
the other hole a calibrated vertical capillary tube was passed. The desiccator 
was filled with water and immersed in a constant temperature bath; and 
the contraction of the globe was obtained by observing how far the level 
of tho water fell ih the capillary tube when the globe was evacuated. 2 

Tho globes were always filled with nitric oxide at the temperature of 
nicHin^ ice and under a pressure slightly in excess of atmospheric; the tap- 
was opdiicd to allow tho pressure to fall to that of the atmosphere, and 1 
then closed again. The globe was then dried and weighed against its. 
‘counterpoise. * 

• Tho 'calculation of the results, with all necessary corrections, is explained! 
on p. 130. No correction was applied for “adsorption”; but’allowance was. 
made for tho deviation of the gas from Boyle’s Law. 

(ii.) The'volumeter method renders it possible to neal with large quantities 
of gas, since the apparatus for measuring the volume need not be portable. 
The weight of the gas may be determined in two ways, either by disengaging 
, the gas from an apparatus which only allows pure, dry gas to escape, and 
determining the loss in weight of the apparatus, of by removing the gas 
from the volumeter after its volume, temperature, and pressure have been 
determined, absorbing it by suitablo lboans, and determining the increase 
in weight of tho absorption apparatus and contents. The former method 
was used for the nitVogen-hydrogen mixture (p. 259); the latter for ammonia 
and nitrous oxide. 

Tho arrangement adopted by Guye and l’inlza is shown in fig. 77. The 
globes A and B werq calibrated by determining the weight of water at 0* C 
that filled them 1 *to the marks a and It. Their combined volumes amounted 
to 3b02‘63 e.c. * The “dead Hpsfcc” extending from these marks to the tap 
L in one direction, and'Tile zero-point n of the merciiPjr'nUnometer in tho 
other, W0.s separately determined, as also was the space between the taps 
H, I, and L. 

In conducting an experiment, the absorption tube C, containing cocoanut 
charcoal, was evacuated, weighed, and attached to tho apparatus as shown. 
The’.apparatus, which’’had previously been rinsed out several times with 
pure, dry gas, was evacuated, and then slowly billed with gas until thle 
pressure was about obe atnnVsphepe. The globes were surrounded by melting 
ice f avid when the temperature of the gas had reached 0° C., the taps I and L 
were closed, the‘mercury adjusted to the mark ??, and the initial pressure 
of the gas accurately observed. 

The space 11 I L was next evacuated, the tap I closed, and then, by 
suitably manipulating the Ups H, L, and K, the gas was absorbed in the 


* ij * v 

1 'Flavors', The Experimental Study of Gases (Macmillan & Co., 1901), p. 119. 

2 Cf. Baumo, J. Chim. phys., 1908, '6,' 16; this paper contains lull details of the . 
experimental methods used at Geneva, 
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charcoal contained lit the tube C; this tube was cooled i f a batii of ether 
and solid carbon dioxide. After most of the gas hau been absorbed, the taps 
H and L were closed, and the pressure of the residual gas in tjjo globes 
determined. The gas contained between 11, 1, and f,, was pitmpcd out and 
measured, and the absorption tube removed and reweighed. 

In calculating * he results, the difference between the initial and final « 
pi'essuros was taken, and the densities deduced according to the method 
given on p. 130, iho correction for elasticity of tin? glass” is, however, 
unnecessary. Due allowance was made for the fact that the temperature, 
of the gas in the dead space was not 0* 0,, and Iho results were corrected for 
the known deviations of the gases from Royl<4i Law. 

Guye and Pintza considered that by still leaving an appreciable anfount 
of gas iu the volumeter at the end of an experiment, 1mv “adsorption” 



• ' • • , • , • 

effect was eliminated from their results; but this conclusion is erroneous 

(cf. p. 108 )., • 

Reference only can be made to the measurements of compressibilities and 
critical constants (vide supra). 

Statement of Results. Analytical Methods —£i.) Gravimetric analysis 
if nitrous oxide. In five experiments, * ^ 


Hence 


5*6269 grins nitrons »xide yicldid 2*(W54^r*ns. oxygen. 
•NjO.: 0*: t 44*016 : 16, and N = 14 - 00 $. 


'The presence of a trace of air or oxides o£,carbon in the gas would lead to 
a slightly high value for Jhe atomic weight of*nitrogen. , 

(ii.) Gravimetric analysis of jaitrogen peroxide. In s&ven experiments,* 

10 , 3522^rms. nitrogen peroxirle yielded 7*1999 grn§s. oxygyi.. 
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A trace of oxygei^ dissolved in the nitrogen peroxide would cans* the result 
to be rather low. 

(iii.) Gravimetric analysis of nitmsyl chloride. In five experiments, 

0 (5007 grin, liiirouen were obtained and*0*693l grin, oxygen. 

, Hence I* „ 

* N : 0 : : 14*006 : 16, and N = I 4 ' 006 . 

«. * » 

(iv.) Volumetric analysis of nitrous oxide. As the mean of four 
‘ experiments, 

1 litre of nitrons oxide at N.T.lh yielded 1*00717 litres of nitrogen. 

But increase in volume of iron spiral, due to oxidation, amounts to 0*30 c.c.; 
hence corrected volume of nitrogen is 1*00087 litres. Also 

' 1 litre of nitrous oxide at N.T.lh weighs 1*9777 grfns. (vide infra), 

1 4 „ nitrogen „ „ 1*2507 „ (Rayleigh). 

•Hence 

. , (N,0-N 2 ) : N, : : 16 : 28*012, and N 14 * 021 . 

(v.) Volumetric analysis of ammonia. As the mean of three experiments, 
Weight of * normal” litre of mixed hydrogen and ii'itrogen = 0*3799 grjns. 

Assuming the data of other observers for the densities and compressibilities 
of hydrogen and nitrogen, it follows from this result that the molecular 
volumes of these gases are in the latio of 1*00057 : 1 yt N T.R , and 

H, : N, :: 2*0152 : 28*030, whence N = 74*015 (II -1*0076). 

Guye and Piutza only attach a confirmatory significance to this result, and 
therefore the detailstof the calculation are omitted. 

Phi/xical Method*: (a) J)ata ,The values obtained for the weight in grams 
of a normal litre of gas are as follows *.— 

NH, ' . . . . 0*77079 (mfan of 5) - 

N.,0*. 1-9777 ( „<* 3) 

NO f . . , c . . 1*3402 ( „ 14) 

The following are the values of AJ at 0° 0. (see p. 132):— 

NH,. N,(). NO. 

+ 0*01521 +0 00742 +0*00117. 

(Kiiyleigh) f 

‘Vfie'eritieal constants are as follows:— - • 

, i r rNU'/' N.,0. NO. 

Qritical temp, (abs!) . . . 405*3° * 311*8° 179*5°, 

* *„ pres$.*(atm.) . . . 009*6 r 4 77*S 71*2.* 

Tho values for nitrous oxide and nitric oxide are due to Villard 1 and 
Olszewski 2 respectively,. * * t 

( b ) Calculation \f Molecular Weights ,*« Atomic Weight of Nitrogen .— 

(1) By Limiting Densities. Assuming the values 1*4290 and +0*00097 

1 Villard, Compt itnk., 1894, 118 , 1096., 

2 Olszewski, Vhil.t Mag., ? 895, [v.], 39 , 188. 
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respectivelv for the*normal density and the coefficient Ai for oxygen, and 
applying the formula (.'}) deduced on p. 1 .TJ, we hav- •— 



1 

r, * 

1 • A ■. : 

Mo.h%!.u- 

, Weight. 

“Atomic Weight 
■if Nitrogen. 

Nir ( . 


07708 

0 98170 

17'015, 

• 1 

N.,0 . 


1 "777 

0 902..8 

4 1 -001 

° 13 992 

no 


1 '3402 

O 99888 

30-006 

I4 00I 

0 2 . 


1 4200 

0-90903 

• 

32-000 

fslfind.iub 

I 4-006 


(ii.) From Critical Constants. Applying the formula; of p. 1,11 to the 
data already given, the following results arc, obtained 



b. 

10- 5 <f. 

10 : .l>. 10 >ff 0 . 

10-5.&,,. 

Molecular ; 
Weight. ! 

A lonilT Weight 
vf Nitiogen. 

Nil s 

47708 

859 i 

170 1551 

1 16 

17 036 

• it 013 * 

1 N.,b 

1-9777 

719 

185 878 

156 

11 -008 

14-004 

NO . 

L - • _ „ 

1 -3402 

257 

i 115 i ... 

1 


30-009 

14 009 

V . j 


Summary Ot' Results.--The various results obtained by Cuye.and 
his collaborators for the atomic weight of nitrogen are given m the following 
table: -- • 



Analytical,''* 


riiy.sical. 

Gravunctue j Volume! 11 c 

Analysis. Analysis, 

• • 

Density , 
Limits. 

Ci it leal 
Constants, 

T- • 

j N,0 : O 
Nb> : O., 

1 N ‘ O 
(in NO(Jl) 

14 m 9] N..0 : N„ 

It’010 N 311* 

14'006- •' (uxliiect) 

14-021 

14 015 

Nir, 
«N..O 
NO . 

• 

13-9?2 

14 O01 
,14’006 

•.Nil, 
N.,0 
# NO 

- - • 

14-013 

14 004 
11-009 


The mean of the three gravimetric values is N = 14’0()N, m 11 >■ h the best 
senes beir*g undoubtedly that 1 elating to the analysis of nitrogen peroxide; 
m each ease flic determination was a direct one. • 

The resftlls of the volumetric analysis confirm the gravimelijc value; 
die value obtained from tin* analysis of ^nt rolls ox id* depends, however, on 
die densities of nitrous oxide and nitrogen as wetl as on tliff volumetric 
’•alio measured, % while the uncertainly concerning the v?*lue deduced *from 
die analysis of ammonia fins been already mentioned. 

Turning to the physical resists, it is «ecn that the mean vahie deduced 
:>y the method of critical constants is N = 14-00^ in, close agreement with 
die gravimetric vnjue. It should he lemcinberod, however, that this mefhod 
if calculation ts empirical, although it yields good resuits for a npinbar of 
)ther atomic weights (see p. 135). , • • • 

The results obtained by the method of limiting densities are, in the cases 
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of ammonia and ^litrous oxide, distinctly lower than thfe gravimetric value. 
These two gases are readily liquefied, and with such gases the molecular 
weights obtained by this method are usually rather low, probably owing to 
AJ being overestimate^ The method of oxtrapolating for AJ, adopted by 
Jaquerod an(\ Sheuer for ammonia, is 1 open to criticism; while Rayleigh’s 
value for A,, for nitrous 1 oxide is almost certainly too large, since it is 
obtained by a linear extrapolation. The value N = 14 006 furnished by 
nitric oxide h, however, in good agreement with the gravimetric* value, as 
also is the value deduced from the density and compressibility of nitrogen. 1 

The experimental work carried out at Geneva therefore leads to the 
rounded-ofF valuo N = 14’01. 2 < 


1 Bcrthelot, Compi. rend., 1808, 126 , 954, 1030, 1415, and 1501. 

2 For a full discussion of tlic atomic weight of nitrogen, see Guyo, Bull. Soc. C/rim., 
1905, 33 , 1 ; Chem. News, 1905, 92 , 201, 275, 285; 1906, 93 , 4, \% 23, 35 ; Gray, Trans. 
Chem. So$ , 1906, 89 , 1174 ; and for further modern work on the atomic weight of nitrogen, 
see Gray, Trans. Chem. Soc ., 1905, 87 , 1001 ; Forman and Davies, Tree. Roy. Soc., 1906, 
A, 7^i 28 ; Richards and Foibes, J. Amer Chem. Soc., 1907, 29 , 826 ; Riclnuds, Koethner, 
UndTiede, ibid., 1909, 31 , 6 ; Wourtzel, Compt, rend., 1912, 154 , 115. Sec also Vol. VI. 
of this scrips. 



CHAPTER VIlV 

CLASSIFICATION OF THE ELEMENTS. 

Classification of tiim Elements. 

The educated mind always endeavours to classify and arrango isolated things 
or ideas. Hence it is not to be wondered at that, when once the Atomic 
Theory, as enunciated by John Dalton, had been accepted , 1 lTuinorOus 
attempts vvoro made by chemists to discover some method of grouping 
together those isolated portions of matter known as elements. jjf these, the 
earliest was that of Prout , 2 3 who, in 1815, suggested lus famous hypothesis 
that the atomic weights of the elements are probably exact multiples of the 
atomic weight of hydrogen. In Front’s opinion hydrogen corresponded to 
the v/mrtj v\q (proFjle) of the ancients. This hypothesis was warmly 
welcomed by 1 homes Thomson, who carried out a number of experiments 
with the direct object" of proving the hypotliesis to be true , 8 His results, 
however, were viewed with Ihe greatest, suspicion, particularly by Borzclius , 4 * 
who, in 1825, published a revised table <y' atomic weights, tli'c values for 
which latter differed very widely from those given by .Thomson, hi 1829 
Edward Turner , 6 a supporter of Front’s hypothesis, confirmed the value 
^ascribed by Berzelius for the atomic weight of barium, proving Thomson’s 
"value 5b be imjjrrsct, and four years later lie* mioimcet^ the hypothesis 
altogether, as also did Penny in 18,'17. 7 , . • 

The hypothesis avas revived, however, by lluipas , 8 who, in conjunction 
witli his pupil Stas, showed tiiat the ratio of the atomic weights of carbon 
and hydrogpn was almost exactly 12 to 1. The atomic weight «f chlorine 
(35'5) was a difficulty, however, and in addition copper, lead, and a few other 
elentents yielded fractions which conscientious chemists could not round off 
into whole immburs as Thomson had done. To (p-ercomo this, Marignao 
proposed to accept Prout’s hypothesis as approximately true only 8 , and in 


1 See Chap. I. 

02 Prout, Ann. Mil., 1815,*n,*32] f ; 181(5, 12 ,_ 

3 Thomson, An Attempt l* Establish the First Principles of Cticfkibtry by Experiment 
(London, 1825). 

4 Berzelius gave most scathing oritichyns of Thomson’s work. “ This investigation,” he 
writes in Jahresbericht , 1820, “belongs to that ve/y small «lass from wlicli science can 
derive no advantage . . . and the /foulest consideration which contemporaries can ebow 

to the author is to treat his book as if it had mover appeared.” 

6 Turner, Phil ? Trans., 1829, 119 , 291. 

6 Turner, ibid. *1888, 123 , 523. 

7 Penny, ibid. , 1839 * 129 , 13. 

a Dumas and Stas, Ann. Chim. Physf, 1841,* 3 , [iii.J, 5.» 
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view of tlio atom^t weight of chlorine being, according t<? his own researches, 1 
approximately &r5 - suggested that half the atomic weight of hydrogen 
might Imi taken as t»hc unit, a suggestion warmly welcomed by Dumas, who, 
however, soon'found iUnecessary to halve even t[»is. 

In 1001, however, Strutt 2 raised the question again by showing 
, that the atomic weight#, which, according to modern determinations, 
closely approximate to whole numbers or are actually whole numbers, 
are far morfi numerous than the law of chance will allow. In his own 
f words, “tin 1 chance of any such coincidence being the explanation is 
not pi ore than 1 in 1000, so that, to use Laplace's mode of expression, 
we have stronger reasons foo believing in the truth of Trout’s Law 
than" in that of many historical events which arc universally accepted as 
unquestionable.” 3 ' 

Doeboreiner 4 had drawn attention to the fact that certain triads of 
eloments exist, which exhibit both a peculiar regularity in their atomic 
weigh ts^and a close similarity in their chemical and physical properties. 
For several years the observation was allowed to drop into abeyance, but in 
°1851 Dumas 6 revived interest in the subject, and several other chemists 
entered the field, rapidly adding to the list of regularities. 

In the following table is given a list of the more important triads which 
show a constant difference in their atomic weights, the values for the last- 
named being'those published by the International Committee for 191 i- 


Element. 

Atomic 

Weight. 

Difference. 

Mean of Extreme 
Atomic Weights. 

Lithium 

6*01 

16-06 

16-10 


Sodium 

23-00 

23-02 

Potassium ' . 

3910 


Calcium 

' 40-09 

47-54 

49-74 


Strontium . 

87-63 

88-73 

Barium . 

137-37 

, 

Phosphoi u , >- 
Aivnic . . ( . 

31 -04 
74‘96 

43-92 

45-24 

. 7, r > 62 

Antimony . * 

120-2 


Sulphur 

32-07 

47-13 

7979 

Selenium 

79 2 

48-3 

Tellurium . 

127-5 


CMorine 

! 35 46 

4f46 

47 "'°0 


Bromine 

79-92 

81 i9 

Iodine 

1-26-92 



1 Marignac, Cuiapl. rend., 18d2, 14 , 070. 

2 Strutt, Phil. Mag., 1901, [vi.], I,,311. 

2 Soe also V. Palladino, Chew. Ze„tr., 1909, i. 970; Kgcrton, Trans. Chnn. Sue., 1909, 
95 , ?38 ; J. Moir, tM.,1909, 95 . 1752. , 

4 Doebercmer, see Gilbert's Annul at, 1816, 56 , 33;.', which conta'ns a report by Wurzcr 
on.Doebereiner. Sec also Doeboreiner, ibid. , 1817, 57> 436; and Fogg. Annalen , 1829, 
15 , 301/ ‘ - 

6 Dumas, British Assoc. Reports, 1851 $ Low pi. rend., 1857, 45> 709 ; 1858, 46 , 951; 
1858, 47 , 1026. 
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The second grflup of triads, the atomic weights of jfvliich .are closely 
similar to one another, is listed in the following <■»!*— 

Iron . . 05*81 ! Huthenium . 101 7 v Ositfinm . 1909 

Cobalt . . 58*97 j Rhodium • . lOli'9 indium 193*1 

Nickel . . 58*68 j Palladium . I0(i*f Platinum . 195*2 

* 0 • 


It was honed that all the elements might ultimately be grouped into triads, 
and thaC'in this way a complete system of classification of’the elements 
might be evolved. Put there were many dements which could not H 
brought into line, and when Cooke 1 drew attention to the fact that these 
triads actually broke up natural groups of elements, a severe blow was struck 
to their utility. Thus, for example, chlorine, bromine, and iodine an? only 
three out of the four closely related halogens, and a simihtr objection applies 
to other triads. * 

Numerous othei«regidarities and discrepancies were, and have since Jjocii, 
noted in the atomic weights assigned to the elements, but no usoffTl system 
of classification could be based upon them. Further, many attempts have 
been made to draw lip formula; wheieby the atomic weights of the elements 
might be calculated, and a check thereby instituted upon the i^sullm obtained 
by experiment. A treatment of these, however, is beyond the scope of this 
work. The reader wishing to become acquainted with the suhiect more fully 
is Meferred to the original memoirs listed below. 2 

In 185.3 Gladstone 3 arranged the, elements in the order of increasing 
atomic weights, but owing to the faulty values at that time accepted as 
correct, no generalisations of any particular importance were possible. A, 
few years later, howVver, when the atomic weights had been revised by 
Cannizzaro, a nun?b*r ftfindepondent investigators discovered that certain 
remarkable regularities wHe brought out by arranging the elements in the 
order of increasing atomic, weights. (hancourtois 4 appears toliave been the 

1 .7. P. Cooke, Amur. J. tin.. 1861, fii.], 17 , 387* 

- P. K turners, l\xjg. Annu/en , 1862, 85 , 50, 1858, 99 . 62. Kotikovsky, Ueber die 
.i fef V-fypfuchhett dec Mclalle, u.s v\ t 1854, Wien, LwuJin, Amialni, 1857, 103 , 121 . 
Oiling, Phil, ilaij* 1857, [m.], 13 , 4*23, ISO. Peltenkflfer, • Munchene (I dc.hrten 
Anreigen, 1858, 30 , ‘261 ; Anvglm, 1858, 105 . 188 Mercer, Pgifish Assoc. Jhports, 

1858, p. 57. fyumgeijie, ■&>’., 1871, 4 , 570. waecjitrj, Her., Is78, II, 11 borsch, Die 
Zah/eni'erhaltnissen da Plnneteuuystems mid die AlnmgeiAchte, 187!*, Leipzig. Fodorow, 

Huh. Hoc. Chim.p 1882, [11 ], 36 , 55!*. Hazaioll, ,/. Puss Vhem. S»c., 1887, 19 . 67. Pelaunoy, 
Uom.pl. rend., 1888, 106 , 1405; 1007, 145 , 1270. Slum sky, Mannish, 9889, 10 , 19. 
Adkins, Oh cm. News, 1802, 65 , 123. llnunlis, Co nipt, mid., 1893. 116 , 695, 753; Chan. 
Zndr., 1906, li. 197; Compt raid, 1909, 148 , 1760 ; 1909, 149 , 124, 1074; 1911, 153 , 

817. MeuJtd, J)er Moms nuts dor chnnisvlm: Element m, Licgmtz, 1893. Lotliar Meyci 
Per.. 1893, 12 , 1230. .1 Thomsen, Hull Acad JhnicmaH-, l>oc. 14, 18!jj Seubert, 

* Zeilsch. anori}. Chcm., 1895, 0 , 334. M. Topi or, lies. Isis 74mrftw,-1896. Abhandlung 4. 

A. P. Venable, The Dccelopmeift of l^ic Periodic Law (jfastun, Pa , 1896), gives an interest¬ 
ing account of most, of %he about, with full references mjj to 1895. Rjjdbuig, Zeilsch. 
ay.org. Chan., 1807, 14 , 66 .* Lt Bulk, Per, 1898, 31 , 1865. II. du Hois, liapjmts an 
Congres Internationale 4e Phmiquc, lhoo, 2 ,160 ; II. Hilt/, Per. , l^Ofi, 35 , 562. Hungeand 
Precht, P/ul. Mag., 1903, [vi.J, 5 , 476. E. J. Mills, Phil. Mag , 1903, fa]. 5 , 543.* C. E. 
Stroiheyer, Man. Manchester Plnl. Hoe., 19<)7, 51 - 1 ■ ]> L N. Delaunay, Chew. News, 1908, ^ 
9 X 99. D. F. Comstock, Amer. Uhhn. AV., 190*, 30 , 6 S3. L Imbreiyl, Compt. rend., 

1908, 147 , 629 ; Bull. So<\ Chun., 12109, fiv.]. 5 , 660,708. N. Howard, Uhem. News h 19lQ, 

101 , 181, 205, 265.# J. Moir, S* African J. Pci., 1910, 188. K. Solieringa, Chem. 
Wed-Had ., 1910,7, 407. Lining, Chem. News, 1913, 108 , 247 ; J914, 109 , 189 ; 1914, * 

110, 25. ■ ■.'••• 

3 Gladstone, Phil. \fag., 1853, [iv.], 

4 Chanconrtois, Compt. rend., 186‘^ 54 , 767, 840, 9<y ; 1862, 55* 600 > 1863, 56 , 263, 

479; 1866, 63 , 24i See Hartog, Nature , 1892, 41 , 186. 
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first to observe thfy and he arranged the elements in a spiral rouncj, a vertical 
cylinder, whose surface was divided into sixteen vertical sections. The 
elements situate in t any vertical column were seen to possoss analogous 
chemical and physical gxoperties. This arrangement became known as the 

Telluric Screw. 

, About the same time Howlands was working along ^very similar lineq, 
and in a stores of classical papers, 1 introduced his fainous generalisation 
known as The La<v of Octaves. 1 

f At first Nowlands’ papors were mado the subject of ridicule, but before 
long lethal- Meyer 2 and Mendel6eff, a both independently made similar 
observations. According to Norlands’ Law of Octaves, when the olemonts 
are arranged in the order of increasing atomic weights, the first and last of 
any eight consecutive elements possess similar properties; in other words, the 
properties of the elements are periodic functions of their atomic weights—a 
generalisation which became known as the Periodic Law. At this time, 
however,* not only was the numbor of known elements relatively small, but 
the values assigned to their atomic weights were still often faulty. As more 
elements were discovered, and their atomic weights were determined with 
greater acourapy, tho value of the law became increasingly apparent. The 
periodic table drawn up by Mendeh'eff in 1871 is shown on p.'260, and the 
modern table, which forms the basis of the classification of the elements 
adopted in th<5 present scries of text books, is given as tho frontispiece. r It 
will he observed that the two tables are substantially the same, save 
that an extra vertical group has been introduced into the modern table in 
( order to enable the inclusion of the inort gases which, of course, were 
unknown in 1871. This new group has been appropriately designated 
as Group 0, for reasons that will be evident late/*. For the sake of 
convenience, also, the rare earth elements are included in the modern table 
in Group III.' 

A careful examination of th&se tables reveals tho following interesting 
points:— 

In Mendel toff's table there arc two short horizontal series each containing 
seven elements, no two {.f which in either separate series resem ble on^ 
another. But tile first, second, etc., members of the first series resemblo 
very closely the corresponding members of the second series; in other words, 
there is a recurrence of properties with every eighth element. ‘ 

Passing on to the succeeding horizontal groups, it is observed that it is 
the alternate elements in the vertical columns that resemble one another 
most closely. Tlius, for example, in Group T., copper and silver are more 
closely related to one another than are copper and rubidium or than silver 
and c/esium; and the same is true for rubidium and cccsimn.' Hence it is 
customary (see frontispiece) to group together the next two horizontal series*' 
as one long series of even and'odd members respectively. This arrangement 
allows of the inclusion of the elements of the eighth group, namely threo sets 


1 Newlands, Chcm. News, 1864, io, £9, 94; 1835, 12 , 83, 94; 1868, 13 , 113, 130; See 
On the Discoven/ of the Periodic Law, and on delations among the Atomic Weights 
(Loplon, 1884). ( 

Lothav Meyer, Die Modernen Theoricn dcr Chelde, Breslau, ?,864 ; Annalen, 1870, 
Suppl. 7 , 354 ; Bcr., 1873, 6 , 101. 

* Mci> ; leLe( r , J. kuss. Ch?m. See., 1869, i, 60; 1870, 2 , 14; 1871, 4 , 25, 348; 
Annalen , 1872, Suppl. 8 , 130. See also Os^Avkld’s Klassiker der pcakten Wissenschafttn, 
No. 68 , which contains a collection of papery by bo^h cheraista. 




See MendeleetF, Ahnalen, 1872, Suppl., 8, p. 1£1. 






270 


MODERN INORGANIC CHEMISTIU*. 


f t 

of triads, the ^laments in each triad possessing approximately, the same 
atomic weights. These are frequently termed transitional elements and 
connect the even and odd members of the several long series 

Turning nqw more particularly to the nflxlern'table (see frontispiece), 
which, on account of its greater completeness, is worthy of careful study, the 
following points are observed!:— f 

f 1. The elements of Group 1. and II. exhibit a highly electropositive 
character, whweas those in Groups VI. and VII. aro just as strongly electro¬ 
negative. Midway between these groups we have carbon and silicon, llio two 
'nrst members of Group IV., which are both electropositive and electronegative 
upon occasion, and thereby afford excellent justification for retaining their 
positions. 

Disregarding G$ 01 ip VIII. for the moment, we see that the inert gases of 
Group 0 constitute a very fitting mean between the electronegative elements 
of Group VIT. and the positive elements of Group 1. r 

2. Tha valencies of the elements in the several groups show a regular 
increase as we pass from one group to another. Thus, considering the 
o t xygen compounds only, the valencies increase from 0 in Group 0 to 8 in 
Group VIII. On the other hand, the most stable hydrides are yielded by the 
elements in Groups IV. to VII., which now exhibit a valency falling from 4 
in Group IV. to 1 in Group VII. (seo p. 286). 

3. All thror elements of any one of Doebereiner’s triads occur in onq or 
other of the vertical columns. The Periodic Glassification thus shows the 
commotion between the various triads themselves, as also the relation 
between them and the other elements which exhibit no simple uniformity 
Sn the numerical values of the atomic weights assigned to them. The 
advantage of this is stupendous, and in tho Periodic ^System we have tho 
only means as yet discovered of grouping all tho elements together as a 
consistent who 1 ©. 

4. Numerous blanks occm in fche table. Presumably these indicate the 
existence of hitherto undiscovered elements (see p 275). 

5. As a general rule, the metals possess the highest atomic weights. 

Not only are the chemical properties of the elements periodic functions 
of their atomic weight.!; the same is likewise true for many oftftheir physical 
characteristics. This is well illustrated by the atomic volumes—that is, the 
volumes of the gram,atomsuof*the elements in the solid stiHo. In the curves 
(fig. 78) the atomic volumes are expressed as ordinates, the etomie weights 
being expressed as the abscissa?, according to the method first proposed by 
Lofchar Meyer. The atomic volumes in the liquid state have been used in 
the case of elements, such as hydrogen and helium, that are gaseous fit 
ordinary temperatures. <A cursory glance suffices to show the'symmetrical 
arrangements of the metals, metalloids, and non-metals, but the system is 
inferior to the chemical^classilicxition. already cwiKwferod, inasmuch as it does 
not indicate clearly whert each curve is complete. __ Consequently it usually 
afford] but little jitfp cither in the search' for fresh cl 01 "© 11 !' 8 or in tKe 
attempt to correct existing atomic weight values. 1 ‘ 


1 ‘Lolhai Moyei, Modern Theories of Chemistry, ttansl&tcd by Red son and Williams, 
(Longmans k Co, 1888); The Principles of' Chemistry, by Mendeloeff, translated by 
Kam&isky. ls£ edition N^ngmans & (’a., 1892); Hopkins, J. Amtr. Chirp. Soc 1911, 33 , 
1005. Fora nutnbor of other Atomic weigljiicurvcs see Wedekind and Lewis, Atomic 
JPtiglU Curves ^Stuttgart, 1910). 
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Other periodic properties are:— 

The crystalline forms of various I 
jjompound^of the elements. 1 | 
The meeting- and'boiling-points j 
of the elements. 2 i 

Iieats of chemical combination. 3 
Valency. 4 | 

Ionic mobilities. 6 
Changes of volume on fusion. 0 
,Ionic colours. 7 


Conductivities. 8 
Hardnessos of the elements. 9 
Distribution of the elements in the 
earth. 10 

Refractive indi/jes. 11 
Comprossibili tics. 12 
Densities. 13 r 

Magnotic susceptibilities. 14 
The spectra of the elements. 16 


With regard to the spectra, Kayser and Kongo and Rydberg noticed 
that those oleine?ts the spectra of which are known to contain definite line 
series, 10 may be classified according to the general characteristics of their 
spectra into exactly the same families as are given Vy MendeldofTs table. 
The spb'jtra of sodium, potassium, rubidium, and ctesium, for instance, all 
consist of doublet series and correspond with one another almost line for 
Aine; and since the “line” P (1) of the lithium spectrum has been shown to 
be f a doublet, it is very probable that all the others are close doublets and 
that the spectrum is analogous to the spectra of the other' alkali metals. 
Rydberg also noticed that if the common “convergence frequencies ” of 
the two subordinate series in the spectra of the "elements, or the ljmits 
of the principal series, are plotted against the atomic weights, the points lie 
on a, periodic curve very similar in shape to that obtained by plotting tho 
values of v/W 3 for D and S doublets, or vJW 2 for D and S triplets, 
against the atomic weights (W); and further, that not only aro the 
values of c/W 2 periodic functions of W, but so also,are the magnitudes v 
themselves. 17 1 

T. W. Richards has pointed out that the heats of formation of the typical 
oxides (referred to •bne-gram equivalent of oxygen), tho melting-points and 


1 See pp. 70 to 75, where isomorphism is fully dealt with 

2 See Oarnclley’s nniperous pipers in Trans. (’Item Hoc , I'roc. lip/. Soc., and Phil. , 
from 1876 onward?* 

3 A. F. Laurie, flPM. Mag., 1883, fv.], 15 , 42 ; Richatds, Tians. Chan. Soc., 1911, 99 , 

1201. r r 

. 4 See t>. 286 ; also Reed, Trans. SI Louis Acad. Sri., 1885, 4 , No. 4. ( 

6 Brodig, Zeitsch. physikal. Cham , 1894, 13 , 289. 

6 M. Topler, IVied. Annalen, 1894, 53 , 343. 

7 C. Lea, Amcr. J. Sci., 1895, [iii.], 49 , 357. 

8 Sander, Chan. Zentr., 1899, ii. 955, from Eleclr. Zcit., 6 , 133. 

9 Rydberg, Zeitsch. phydkal. Char., 1900, 33 , 353. > 

10 L. de Launay, Compt. raid., 1“04, 138 , 712; V. Poschl, Zn.lf.ch. physikal. Chem,, 
1908, 64 , 707. 

11 F. L. Bishop, Amen. Chen. 1 #., 19f6, 35 , 84. <*■ ' 

12 T. W. Richards. W. 17. Stull, F. N. Bunk, and F. Bonnet, Carnegie Just. Publica¬ 
tion f9/)7. No. 76; Zcitsch. Eleklrochcm., 1907, ijt 5l9 ; ’Zcitscli. pfysikal. Chan., 1-907, 
61 , 77,100 ; J. Artier. Chem. Soc. , 1909, 31 , 154 ; K. Grunriseti/VLm. Physik, 1908, [iv.], 
26 , 393. 

13 Posclli, Zeitsch. anorg. Chan., 1808, 59 , 10^ 

14 M. Owe:., Vroc. K. A lad. JVrtcnsrh. Amsterdam, 1911», 14 , 637. 

Sec Kayser and ftunge, Wicd. Annalen, 189ft. 41 , 302; 1891, 43 , 385. Rydberg, 
K. Svenska Vet-Akad. Handl., 1890, 23 , Nor. 11 ; Wicd. Avna/ed, 1893, 50 , 629 ; Astro- 
physical J.. 1897, 6,*233 ; Baly, Spectroscopy (Longmans & Co., 1905), Chap. xv. 
ie Sfo pp. c 235 and 239. " « 

17 Rydberg, loc. cit., aud Paris International Reports, 1900, 2 ; 200. 
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electrode potentials of the elements, when pitted agciuov ■ w*o »tomie 
weights, give rise to periodic curves somewhat similar to the atomic volutrie. 
*cur?e, although the actual “periods” on the curves are different. For 
-instance, the summits on the “heats of formation 0 / tlA oxides”<surve are. 
occupied by Li, Mg, Ca, Sr, La, etc. 1 , 

Imperfections of the Periodic Classification.—It is not surprising 
that a system of 'classification which aims at embracing not $nly all tie 
known but also the unknown eloments existing either in •the state or in 
various stages of combination in the universe, should have its weak points. 1 
These may arise from two causes, namely:— ; 

1. An imperfect knowledge of the law itself, which either leads us to seek 
too wide an application for it, or to limit its sphere of activity by seeking to 
confine it within certain narrow and arbitrary boundaries. 

2. Insufficient or inaccurate knowledge of the elements it is sought to 

include within tho scope of the law. # , 

As a matter of fatst cases have arisen from both of these cause* * Thus, 
when the inert gases were discovered, there was no place for them in the 
table until the system had been expanded by tho inclusion of a separate 
vertical column, now known as Group 0. 2 This extension not only makes the 
system more tomplote by reducing the abruptness of the change as wo pass 
from tho highly clcctroncgativo elements of Group VII. to the equally highly 
positive members of Gyoup I., but it also widens the scope fcy yielding a 
Series of blank spaces which may in the future bo filled in with the names of 
elements not yet discovered. • 

As an example of discrepancies arising from the second cause, namely, 
insufficient or inaocurajo knowledge of the elements themselves, the case of 
osmium, iridium, and platinum may be mentioned. 

In 1870 these elt.nci*^ were believed to have the following atomio 
weights:— 

Osmium . • . 198‘8 

Iridium.196W 

Platinum . . . .196-7 

According to this, their positions in Group \1ll. ^should be reversed, 

. platinum coming undor the same vortical column as iron an(J^utheniunj, the 
metal osmium bein^ relegated to the third vertical column, under nickel 
and palladium* But such an arrangement is opposed to th6 general properties 
of those elements, platinum resembling nickel and palladium more closely 
' than ifrdoosiron and ruthenium, the reverse being true for osmium. Subse¬ 
quent research, however, has shown that the atomic weights assigned to the 
above threo>elements in 1870 were inaccurate, tho values recognised by the 

• International Atomic Weight Committee for 1917 being as follows :-*■ 

Osmium.*, «. . •. 19(V9 

Iridium . m . . f93'l 

•♦Platinum • 195-2° . 

• 

n*) discrepancy, therefore, no longer exists. 

There still remain, wover, it few remarkable, exceptions *to the law. 
-These are as follows:— / • 

• _ _ • _ • __ _ 

------- , 

1 T. W. Richards, The Faraday Lecture, Trans. Chem. Soc ., 1911, 99 * 1201 * 

* Ramsay, Ber. f VS98, 31 , 8111. See Illit II. of this Volume* 
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1. Argon and Potassium .—With an atomic weight of 0 39*88, araon should , 
lie between potassium and calcium in the periodic table. But there is no 
room for it, and to interchange the positions of argon and potassium by 
placing fiic letter Olen^ent in Group 0, and<thc former in Group I., would 
obviously destroy the symmetry of tho- whole (see this volume, Part II.). 

2. Tellurium and Iodine. — From chemical considerations tellurium 
"properly belongs to Group VI. and iodine to Group VII.; but tho atomic 
-woight of the forme! element is found to be higher than that of iodine, which 
‘ implies that the positions of these elements in the table should be reversed 
1 (see Vol. VII.). 

3 S Nickel and Cobalt .—The atomic weight of nickel, as determined in a 
variety of ways, is slightly less than that of cobalt, a result which places it 
between iron and cobalt in the eighth group. Nickel, however, resembles palla¬ 
dium and platinum more closely than it does rhodium and iridium, the reverse 
being true for cobalt. Furthermore, by placing cobalt betw eeri iron and nickel, 
a more .gradual variation in the properties of the three elements becomes 
observable. Thus, for example, whilst iron forms two series of well-defiued 
palts, namely the ferric salts, cobalt forms cobaltic salts only with compara¬ 
tive difficulty, and nickel only yields nickelous salts. Evidently, therefore, 
the true position of cobalt should lie between iron and nickel (s^o Vol. IX.). 

In addition to the above anomalies there are several indications that tho 


periodic systum is not perfect as it stands at present. < Of these the following 
are the most important:— 

1. The Position of Hydrogen .—It is generally agreed that the valency of , 
hydrogen is unity, and this opens up two possible positions for the element . 

■ in the table, namely at the head of either the first or tho seventh group. In 
accordance with its low boiling-point, and the diatomic nature of its gaseous' 
molecule, many chemists prefer to include hydrogeii^in the seventh group 
along with tho halogens; and this is apparently justified by the fact that' 
solid hydrogen boa ys no rcscmbLncc whatever in its physical properties to 
the alkali metals,—*on the contrary, it is typically non-metallic. ‘ Further¬ 
more, Moissan 1 showed that in the metallic hydrides liydroge" v - ''s like 
a non-metal, inasmuch as the hydrides do not conduct tb 
and hence cannot ffe regarded as comparable with allc^^ux^d. Meg., 
chemical behaviour of hydrogen i. considered, facts spcaj^* ^ 

of its metallic nature. The most stable compounds of ’ \ 

metals generally, arc those formed by union with its. 

Thus, foi* example, although the halogens exhibit bu ^^V? vV£ 0 V to 
combine amongst themselves, save in the case of the twy uts, 

fluorine and iodine, yet they yield very stable compounds'^ T . y- an ^ 

the meta)s. The same4ruth applies with more or to the 

other non-metallic elements known. Consequently itj,\, -mis most natural to 
regard hydrogen as analogo is to a metal, a' f J as sj t is a more fitting 
forerunner of the alkali xiietals than of the halogens. ^ o present series of 
texl-books, therefore, hydrogen will receive flictailed treatmlut in Vol. II. * 

( i. Group VIII. is anomalous in that it is the “only one containing more 
than one dement along each horizontal line. Although these several triads 
serve, as abcady mgnti«ned, fo connect tlie odd and even members of the. 
thYbe long series, their function ill this caficity is doubtful, and somewhat - 
destroys the symmetry of the whole (s&> Vol. JX.). 


1 Moissan, Compt, rend,, 1903, 136 , 591. 
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*3, The* Rare Eqp'th Metals (see Vol, IV.).—These comprise some thirteen 
ttiemen'-s—namely cerium, dysprosium, erbium, europium, gadolinium, hoi- 
mium, lutecium, neodymium, praseodymium, samai iuin, terbium, thulium, 
and ytterbium,—whose atomic weights lie between tkose*of lanthanum (139) 
and tantalum (181). Now Although a considerable number of blank spaces 
occur in the table between the positions usually Assigned to lanthanum an^ 
tantalum, yet if wer attempt to fit the rare earths into these «in the usifai' 
manner, the result is most unsatisfactory, and destroy the w, unnetry arid 
harmony of the whole. This difficulty may be partly overcomo by assuming 
that the rare earths are all trivalent, and grouping them together in th/> third 
vertical column. Although this arrangement is not ideal, there is much in its 
favour, and, for the sako of convenience, it is tho one adopted in the present 
series of text-hooks. « 

Advantages of the Periodic Classification.—1 . It affords the only 
known method, of satisfactorily classifying (he elements. . • 

2. By means of the Periodic System the atomic weights of th* elements 
may be determined, when their equivalent or combining weights arc known. 
This is a most important feature of the system and \v;^s used to good purpose 
in the ease, of glueinum. The combining weight of this element ^as foynd 
to be 1 *55, artd, owing to its apparent resemblance to aluminium, Jierzelius 1 
regarded it as trivalent, and its atomic weight was in consequence taken as 
3 x 4 55, namely 13 65. According to the periodic classification, therefore, 
the element should lie between carbon (C=12 00) and nitrogen (N = 14’01); 
but there is no room for it. If, however, we assume (lie element tfl be 
divalent, its atomic weight is reduced to 2x1 An 91, which brings the 
clement between lithium and boron. Mere we not only ha\o a vacancy, but 
other elements grouped together in the same column have properties analo¬ 
gous to those of glueinum*.This, tl#orefore, is its proper place (Vol. III.). 

3. The Correction of Inaccurate Values for the Atomic, Weights. —As 
examples of this wo have already mentioned 1 osmium, iriifium, and platinum. 

. 4. The Prediction of the Discovery of Den Bhments , find an Indication oj 
their General Chemical Characteristics. —The numerous blanks in the periodic 
table arc generally assumed to indicate tho existence of hitherto undiscovered 
element?. Previous to 1875 there were tlireo gaps in flic ftd’le pointing to 
the existence of three elements at that turn* unknown, the jftomie weights of 
which were lew tharF75. Two of these occurred fli GroupWH. immediately 
below aluminium, and one in Group IV. below titanium. To these hypo¬ 
thetical elements Mcndeleeff gave the names of oka-boron, cka-lununium, and 
eka-silicon, respectively, and by studying the known elements in the immediate 
neighbourhood of tho gaps, ho was able to give in considerable detail tho 
properties wlflch these elements would be found i,ft possess. His predic¬ 
tions'were verified in a remarkable manner less than twenty years after 
publication in the disco verJjjy* Lecoq do#HoisHaudrar» in 1875 of gallium, 
possessing all the properties B of eka-lurninium ; of scandium (cMV-boron) by 
'Nifeon in 1879 of gfcrmiuifiim (eka-silicon) by Win?l«r m 1887! # ft>ee 
Vols. IV. and V.) * • 

Modifications of the PeriotficiSystepi. The obvious weaknesses of 
the*Periodic System, as«dttailed in a preceding section mi' this chapter, have 
led. to the advancqpient of a Surprising numher of modifications and im¬ 
provements (!). «We have not space to deal with these bore, but ^h<yreader 

1 Berzelius* Schweigger’s Joum. Client. Phaim., 1816, i 7 , 296. 0 
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’desirous of pursuiug the subject further is referred to (the appended’ljift * 8 % 
references, which is fairly complete. 1 > . ■ 

t ( * , V. 

This Structure or t{ie Atom and its Bearing on the Periodic 
i Classification. 

. According to th‘o modern view of atomic structure, 2 an atom,consists of 
'a central core or nucleus of very small dimensions, in which practically all 
the mass of the atom is concentrated, and a number of electrons arranged in 
layers around the nucleus anti extending from it to distances comparable 


1 Baumhauer’s Spiral Arrangement—Baumhauer, Die Beziehwngcn zwischen dem 
fU,on\gewichtc und dcr Natur der chemischen Elcmenle , p. 23 (jirunswiek, 1870). Con-, 
.centric Byig Arrangement—Wiik, ForsoTc till en pd Atomycwigtcn Qrundad Gruppcrung 
of de kemiska Elemcnterna (Helsingfors, 1875). Von Huth’s Spiral—E. von Hutii, Das 
periodisehe Gesetz dcr Atomgewichte und das naturliche System dcr E/emente (Frankfurt, 
1*884). Carnelley, British, Association Deports, 1885 ; Vial. Mag., 1890, [v.J, 29 , 97. W, 
Spring, Tableau representant la Loi Periodiquc des Diem cuts Chimiqius (Liege, 1881); see 
Periodic Law, bjr Venable (Chemical Publishing Co., Easton, Pa.), 1896, wheie the scheme 
19 reproduced. J, Emerson Reynolds, Chemical News, 1886, 54 , 1 ; Trans. Chan. Soc., 1902, 
Si, 612. T. Bayley, Phil. Mag., 1882, [v.], 13 , 26. Crookes, Chan. News, 1886, 54 , 117 ; 
Trans. Chan. >%<'., 1888, 53 , 4>7 ; see also ibid., 1889, 55 , 257. Livermore, Proc. Amer. 
Atad., 1888, 24 ,164. .T. Stoney, Chem., News, 1888, 57 , 163 ; Phil. Mag., 1902, [vi.J, 4 , 411. 
Hau^hton, Chan. News, 1888, 58 , 93, 102. Tchitcherine, Bull. Soc. Imp. de Nat. de 
Jlfoscow, 1890, 1. Sutherland, Phil. Mag., 1890, [v.], 30 , 318. J. Walker, Chem. News, 
v 1891, 63 , 251; Introduction to Physical Chemistry (Macmillan & Co.), 1899. W. Preyer, 
s Berlin Phys. Ges ., 1891, 10 , 85 ; Berlin Pharm. Gcs., 1892, 144 Das Genctische System der 
Chemischen Elcmmte, Berlin, 1893, p. 104. Bassett, Chem. News. 1892, 65 ,3,19. Weeloy, 
Trans. Chem. Soc., 1893, 63 , 852; Proc. Chem, Soc., lS96,„i2, *i'85. Kang, Chem. News, 
1893,67, 178. t J. Traube, Per., 1894, 27 , 3179. A. P. venable, J. Amer. Chem. Soc., 
1895 , 17 , 75 ; s‘ee also Venable’s Development of the Periodic Law , 1896 (Chemical Publish¬ 
ing Co., Easton, Pa.), where full references up to 1895 are given. Lecoq de Boisbaudran, 
Chem. News, 1895 71 , £71; Compt. t rend., 1897, 124 , 127. J. Thomsen, Zeitsch. anorg. 
Chem., 1895, 9 , 190, 283, K. Seubcrt, Zeitsch. anorg. Chan., 1895, 9 , 334. Delauney, 
Compt. rend., 1896, 123 , 600. Flavitzky, Zeitsch. anorg. Chan., 1896, 12 , 182. E. Loew, 
Zeitsch. physikal. Chem. *189/,’ 23 , 1. Wilde, Compt. tend., 1897* 125 , 707. Richards, 
Amer. Chem. J., lflt/ 8 , 20 , 543. Ramsay, Bcr., 1898, 13 , 311 ; ModerirC/iemis/ry, 1900, 
p. 50 f The Gases of the. Atmosphere, W 0 2 (Macmillan Co.). G. Kudorf, The Periodic 
'Classification and th( Problem qf 'Chemical Evolution, 1900 (Whitt..ker & Co.), contains full 
references to literature. K. Smiicisen, Zeitsch. physikal. Chem., 1900, 33 , 63. Armstrong, 

- Proc. Boy. Spc., 1902, 70 , 86 . II. Biltz, Ber., 1902, 35 , 562. Staigmullcr, Zeitsch. physikal. 
Chem., 1902, 39 , 243. Brainier. Zeitsch anorg. Chem., 1902, 32 , 18. A. Werner, Ber., 
1906, 38 , 914 ; Neuere Anschauungen auf dem Gcbictc dcr anorganischen Chcmie (Vieweg, 
Brunswick), 1905. R. Abegg, Ber., 1905 , 38 , 1386. C. Zenghelis, Chem. Zeft., 1906," 25 , 
294. 316. G. Woodiwiss, Cftem. News, 1906, 93 , 214; 1908, 97 , 122. At Minot, Compt. 
rend., 1907, 144 , 428. Lonng, Chan. News, 1909, 99 , 148, 167, 241 ; 1909^ 100 , 37, 120* 
281; Physikal Zeitsch., 1911, 12 , 107. A. T. Cameron, Nature, 1909, 82 , 67. J. F. 
Tocher, Pharm. J., 1910, [<-v.], 31 , }G9. C. Schmidt, Zeitsch. physikal. Chem., 1911, 75 , 661. 
**B. K. Emerson-, Amer. Chant J ., 1911, 45 , 100. E. Bauer, Zeittch. physikal. Chem., 1911, 
76 , (39. 1 . Tori bio Cace^s, Anal. Fis. Quim., 1911, p, §2., 121. K. Adams, J. Amer, 
ChemsSoc., 1911, 33 ,“ 684. K. Srheringa, Chem. WeAbtyd* 191\, 8 , 389, 868 . E. von; 
Stackelberg, Zeitsch.physikal. Chan., 3911, 77 , 75, A. van don Brook, Physikal. Zeitsch., 
1911,12,496. Rayleigh, Proc. Boy. t Soc., 1911, t A, 85 , 471. K. Sanford, Phys. Bedew,. 
1911, 32 , 512 ♦ J. A Trier ^ Chem. Soc., *1911, 33 , 1349. Coring', Chem. News, 1915, III,"13, 
167y l81; Buchner, Chem. JVcelcblad,, 1915, 12 , 336^ Rydberg, J. Chim.phys., 1914, 12 , 
685. Harkins and Hall, J. Anwr. Chem. Soc*, 1916, 38 , 369. * 

* Rutherford, Phil Marj., 1911, [yi.], 21 , 669 ; 1914, [vi.'], 27 , 488 ; ‘Sir J. J. Thomson, 
iid., H&4, [vA.J, 7 , 237 ; 1900, [vi.], 11 , 76 ( 9( The Atomic Theory (Clai'endon Press, 1914b 
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with "the ordinarily tccv^vcu inuiuo ui was atom. There is hut one kina of * 
electron, common to all kinds of matter; it carries a chargo of negative 
-electricity, termed the unit charge, and its mass is about 1/1700 of that of 
an atom of hydrogen. The nucleus of a neutral •elofii carries positive 
charge equal to the sum olf the charges on the surrounding electrons; but 
although the nucleus carrios a neb positive charge, it may contain nogativjr 
electrons within its structure. When a radioactive atom undergoes dlsV 
integratio i the a and (i particles it emits 1 are considered to wane from the 
nucleus. 2 The mass of an atom is regarded as being approximately propor* 
tional to the charge on the nucleus. , 

Although ati atom such as has been described is electrically neutral, it 
will nevertheless produce a field of electric force in its neighbourhood, Which 
force will be exerted on other atoms associated with it in alchemical molecule. 
Its range of effective action will also extend to neighbouring molecules, and 
thus forces between molecules will arise and account for such physical 
phenomena as the intrinsic pressure and surfaco tension of liquids, the 
cohesion of solids and liquids, etc. 

The electrons in the outer layer are considered to bo held in position less 
firmly than the others. They aro mobilo and arrange themselves easily “ 
under the influence of forces exerted on them by other atoms; and some of 
them may be detached from the atom and transferred to another. The 
chemical properties of an atom and such physical properties fts those men¬ 
tioned in the preceding paragraph will therefore depend mainly on the outer 
layer of electrons, and, owing to the manner in which the positions of these 
electrons vary, these properties will vary with the kinds of other atoms wit! 
which it is associated. • The electrons in the inner layer, however, are mucl 
more firmly held and are little affected by the proximity of other atoms 
properties of the atom associated*with these electrons will therefore IS 
independent of the nature of other atoms that may associate v?ith the aton 
in question. * * 

Reverting now to the discrepancies in tl o Periodic *Law associated witl 
the positions of argon and potassium, nickel and cobalt, and iodine am 
tellurium, it may be said that in the cases of the laSt t\^o pairs there is litth 
or no prospect* that subsequent work will change the orefor of the atomi< 
weights. The conclusion therefore appoars*inevitable that the position *of ar 
element in th£ Periodic Tablo is not dopondent upftn its -atomic weight, but 
Tather upon some other property of the atom to which the atomic weight if 
approximately proportional. Pursuing this line of thought, it may*be furthei 
- supposed possible, and even probable, that when this property of the atom 
is idGntifietf it will be found that its value steadily changes by equal incre 
ments from offe element to the next when they are atranged in th» accepted 
brder of appearance in the Periodic Table. The successive atomic weight 
'differences, on the other fiand,«l>eing known t<f bo ncjt even aj)proximately 
equal, it would then occasion jio surprise if the order of the elements # hi the 
' table did occasionally clasli with^he sequenco of atomic weights. * 

There is considerable evidence that the view outlined in the preceding 
paragraph (or some very similar view) is cft^rcct and that the “Unknown 11 
• •• * • * 

: r - : / ^ ^ 

1 The a particlejs a helium atom associated with two negative charges, and the particle 
is a negative electron. • •* + 

'■ 2 See, e.g., IJutherford. loc. cit. ; Bohr, FMf, Mag., 1913, [vi.], 26 , 1 , 476,.857 ; Fleck. 
Trans. Chem. Soc,, 1914, 1 * 105 , 247. . 
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• property of the atom is to be identified with the chatge on the positive 
nucleus of the atom or, what is proportional to it, the number of electrons ; 
surrounding the positive nucleus of the neutral atom. This is essentially 
what is known as Van den Brock’s Hypothesis and is usually expressed with 
reference to the so-called “ atomic numbers ” of the elements. The hypothesis 
,may be stated in the following manner: If the elements aro arranged in 
iricreasing o.der of number of electrons surrounding tho positive nucleus of 
the neutral atom and numbered in order 1, 2, 3, etc., then thes£ numbers, 
t which are called the atomic, numbers of the elements, are identical with the 
numbers of free electrons in the corresponding neutral atoms and also with 
the numbers of the places occupied by the elements in the Periodic Table 
when' hydrogen, helium, lithium, etc., are assigned the places 1, 2, 3, etc. 1 

Owing to the 'fact that it is not known with certainty how many rare 
earth elements and inert gases actually exist, it is not possible to state tho 
tfxaofc atomic numbers of the elements of high atomic weight. So far, how¬ 
ever, as too elements from thallium to uranium are concerned, it is practically 
certain that the nuclear charges of their atoms increase by one unit at a time 
6n passing from one element to tho next in the Periodic Table—a result in 
accordance with Van den Brook’s Hypothesis. This follows at once from a 
consideration of the known radioactive transformations, provided that the 
highly probable assumption is mado that the a and /? rays are expelled from 
the nuclei of Che atoms. 2 /. 

The work of Moseley on the X-ray spectra of the dements brings many 
more elements within the scope of Van den Broek’s Hypothesis. X-rays are 
% emitted by an element when the element or one of its compounds is bom¬ 
barded with cathode rays, and, by taking advantage 7 of Bragg’s discovory 
(p. 50) that the X-rays are reflected at crystal faces it, jV possible to examine 
their spectra. Tho X-ray spectra of the elements contain only a few lines, 
of extremely'' short wave-length, and 'Moseley found that when the square 
roots of the wavo numbers (p. 231) of the lines in-all the spectra are plotted 
in one diagram against the atomic numbers of the elements the points lie on 
a series of smooth curves which approximate closely to straight lines. There 
are accordingly corresponding lines in the X-ray spectra of.,different dements, 
and the wave numbers of the lines in any one group of corresponding lines 
may bo reproduced with considerable accuracy by a formula of the simple 
type ‘ ' 


n»A(N-6)*, 


where n is the wave number and A and b are Constants, by assigning N 
the successive values of the atomic numbers. Since the X-ray spectrum of 
an elemelit undoubtedly depends upon the charge associated with the 
positive nucleus of its atom, Moseley’s results afford valuable evidence in 
favour of Van den* Broek’s” Hypothesis; tihd" one particularly interesting 
resist* of this work ( is that it establishes the atomic numbers of potassium, 
argon, nickel, and 'cobalt, which arc found to be in accordance with the 
positions always assigned to them in the Periodic Table and not in accordance 
with the atomic weights sequence. 8 * , 


t Van den Brock, Nature, 1911, 87 , 78; 1913, 92 , 373, 476 ; Physikal. Zeitsch ., 1912, 
14 , 82 ; Vhtl. Mug., 1914, [vi.] 27 , 4f>5. 

8 Soddy, Jahrb. Radioaktiv, Ekrtrunik, , 9 1 3, 10 , 188 ; Ghent.. News, 1913, 107 , 97. 

. * Moseley, Phil. Mag., 1913,, [vi.], 26 , 1024 ; 1914, [vi.] ( 27 , 703. 
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It muv be also mentioned that the nuclear charge of An atom of an^ 
element maybe estimated by determining the power of the element to soatter 
a or X-rays, and that the results, which indicate that the nuclear charge is 
equal to about one-half the. aUamc weight of the ’IpirmAt, are in itir accord¬ 
ance with Van den Brock’s ■Hypothesis. 1 

• , .. • yt 

IUdio-Eucmrnts and thk Periodic Ci.AHSICK'ATIOM 8 

* 9 , . , 

Although the discovery of tho radio-elements has made it difficult t# 
define precisely what is to be understood by an element, it neverth; less stilf 
remains true that those species of matter known as elements undofibtedly 
form a distinct group of substances and mat the radio-elements thorium, 
radium, arid uranium, which find places in the Periodic T.^blo, belong to that 
group. There is, therefore, no logical reason for denying the title of demerit 
to each of the otliei; radio-elements and no apparent reason why all the radio¬ 
active elements should not find places in the Periodic; Table. Sinei^ however, 
on the disintegration theory all the radio-elements derived from thorium or 
uranium must have smaller atomic weights thau # thorium or uruiiiijin 
respectively, an obvious difficulty arises since there are practically no avail¬ 
able vacant places in the table. 

The names of tho radio elements, the symbols in common use for them, 
an(J their atomic weights arc given in the following table:— « 


THE RADIO-ELEMENTS. 


Element. . 

1 Symbol. 

1 s 

Atomic 

Weight. 

Thorium . 

: Th 

232-4 

Mesothoriuni I . 

MsThI 

228 4 

Mesothorium II . 

MsThll 

228 4 

Radiothorium 

RaTh 

228-4 

Thorhyn X. 

ThX 

224-4 

Thorium Emanation 

TIi Em 

220-4 

Thorium A 

ThA 0 

2 IS-4 

Thorium B • . » 

TIi B 

212 4 

Thorium C 

. ThC 

212 4 

Thorium 0, *. 

1 ThC, 

212-4 

Thorium D 

Till) 

208-4 

Uranium . 

U 

238 0 

gallium X, 

ux, 

234 0 

Uramtini*X 3 » 

IIX., 

234 0 

Uyinmm 11 

IJII 

234 -0 

Ionium .* 

, b> 

230-0 

Radium 

Ha \ 

221 ; 4 

Niton. 

• Nt 

222-4 


J 

1 _ 


Element. 

Symbol 

• 

Atoniio 

Weight. 

. - 

- - — 

—-L. 

Rrflimn A . . 9 

RaA 

218-0 

Radium B . • 

RaB 

214-0 

Radium O . 

RaC 

214 0 

Radium 0, . 

RaO, 

214-0 

Radium 0 2 f 

RaC, 

210-0 

Hadium D . ? 

Ral)“ 

210-0 

Kijfhnm E . 0 - 

RaE 

.210-0 

Radium Jf . 

RaF 

2100 

Actinium * . * * 

Ac 

(226) 

Radioaclinimu . 

RaAc 

(226 

Actinium X 

AcS 

(222) 

Actinium Emanation . 

AcEm 

(218) 

Actinium A 

AcA 

(211) 

Actinium B 

AcB 

(210) 

Actinium C • . 

Act 

(210) 

Actinium C, 

Act.', 

(210) 

j^ctiinrjii 1) 

• 

AcD 

(206) 


• 

* - 


’•Geiger and Marsden, Pror. Hoy. Sue. , 1 909, A, 82 , 495 ; Geiger, ibid, 1910, A, 83, 
i; Barkla, Phil. May., 1911, [vi.l* 21 , 648;% a fuithor account of Jillidem Brook* 
pothesis see, in addition the previous references to thi^seetjou, J. \V .• JS ioholson,_CWU. 

27 541, whei/ tho hypiAhesis is criticised 111 some detail. mV or ft 
summary, see u, W m. %c. Ann. Report for #913, 10 , 270. Sir J. J. Thomson has suggested 
that it may penning be necessary to divide the elements into two group^ ami apply a 
modified form of Van den Broek’s nypothe»s # to eacli giouf (Sir .T. ,\. Thomson. Vhe Atomic 
Theory (Clarendon PreSs, 1914)). 
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The atomic .Weights here given are based upon the following assumptions n 
(i.) that mass is conserved in radioactive changes, (ii.) that the atomic weighty 
of radium and thorium arc 22(5-0 and 232 4 respectively, 1 (iii.) that the- 
expulsion of an a pat-tide from an atom leaves behind a new atom of atomic 
weight 4 units loss, (iv.) that the expulsion of d f} particle leaves bohind an 
atom of the same atomic ^eight as before, and (v.) that the atomic weights 
Of,. actinium rf and radium are equal—an assumption which is open to some 
doubt . 2 ' e 

e The manner in which tile radio elements arise from the parent elements 
'thorium, uranium, and actinium 8 is indicated in the following schemes, one 
or two 'of the detailsjof whieli arq, still (1914) rather dubious:— 

0 

' 7 

a 0 a a a a 0 a TliD->end 

X 7 7 7 7 7 7 X,, 

■ni-»IKsTJiI-»M3TliI[->R:;Tli-»ThX-»TliEm-»TIiA->TliIi->TliC 0 a 
‘ V 7 

ThCj—>end 

a B B a a a a a 0 a RiiOyHJlld 
77 7 - 7 r 7 7 X 7 7 7 7 

U-»UX,-»UXj-s l -tJII->I<i->Ra->Nt-5-RaA->RaB->RaC B a B 0 a 

-a 7 7 7 7 

. 11 ia [)->) ‘ a K-> Ha f->c ra' 

B 

7 

a a a a 0 a AoD~>cnd 
7 7 7 7 7 7 

Ac->RaAc->AeX->AcKm->AcA->AcB->AcO B a 

\ . 7 
AcC,—>eml 1 

With regard to the fcnd-products,'it has long been regarded as certain that 
tbe uranium end-product is lead/ ana there is direct evidence in favour of 
this view, although the evidence is not conclusive. 4 

It has been montionod fir tire preceding section that a study of the- radio¬ 
active transformations shows that, so far as the elements frofri thallium to 
uranium are concerned, the chargb on the positive nucleus of tile neutral 
atom increases by one unit at a time in passing from one ’place in the 
Periodic Table to the next—a conclusion in harmony with Van den Broek’s 
Hypothesis.' Suppose, now, that this regularity holds for all'the radio- 
elements. It is then easy to assign places in the table to all tiio members, of 
the uranium and thorium series, for the position of a radio-eleipeni will be 
two places,before or one place after that of its parent according to whether 
its atom is produced from that of its parent by los^Qf an a or a fi particle; 
when this is done the positions'of niton and radiu-n, defyied by tire preceding 
*ule, and the known position of uranium, agree with<thqse which ryould be chosen 
from putely chemicri' reasons. It frequently happens, however, that several 
elements fall into the same place in the table. Tbo remarkable observation ' 
has been made that all the elements occurring together in the same place in 

the Periodic Table appear ^o be identical in their cherhical and many of their 

u V _ i _ _ 

■ 1 See Vols. III. and v . , 2 Fajans, Le Radium , 1^3, 10 , 171. 

8 It is Vcr^ Improbable that actinium is a //parent” element, but its iirogenitor ig 
^unknown. vt 4 Gray, Nature, 1S13, 91 , 659. ~ 
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physical properties ahd cannot be separated by chemical means. , They 'are 
. said to bo isotopes or to be isotopic with one another, tsotopy was first 
i recognised by Soddy for radium and mesothorium I . 1 

The positions of the mejnbers of the actinium seriaS mayniou^be detor- 
.mined by finding'their isotopes. Wheh thoso have, thus been found, the last 
two rows of the Periodic Table appear as shown in ..ho accompanying table, f. 


Row. 

* 

Group 0 . 
A. 15. 

Group I. 
A. B. 

Au 

• 

Group II. 
A. B. 

Group III. 
A. 15. 

Group IV. 
A. B. 

1 

/ UEnd 
\ AcKnd 

Pb 

ThEnd 

Ral) 

Thl5 

RiB 

Group V. 
A. B. 

Bi 

/RifE 
\ Ac(J 
ThC 
Ra(! 

i -- 

Group VI. 
A. B. 

» 

(RaP 
\Acf\ 

The, 

RaC, 

{tIcA 

RaA 

Group VII 
A. B. 

» 

11 

• 


Hg 

• 

, 

T1 

AcD 

ThD 

RaC 3 

4 1 

• * 

* • 

• 


AcEm 









ThKm 









Nt 

* 

4..C& 









TliX *. 

* 




-.1 




Ra 

Ac 

RnAc 


» 





Ms nil 

MsThJI 

RaWi 









lo 









Th 









ux, 

UX. 

mi 








0 

u 




• 




0 









_ 

• 



0 0 » . • 

If tho vio% hero »utlined be correct, it affords convincing ovidcnce that 

the property which defines tho position of an element in tlie Periodic; Table is 
not its atonjic weight, but an electrical property associated with, its atom. 
A group of isotopes is a group of elements the atoms of which carry the same 
charge on their positive nuclei, i.e. they have the same atomic number; and 
this result Is (juite intelligible since tho nuclear charges are only net charges 
indicating in,each ease an excess of positive electricity over the* negative 
charges of the electrons coaSned in the nucleus, ,and the different nuclei may- 
contain different numbers of negative electrons. Th* chemical properties of 
the«radio-elements,aro in IjBrrfionj'with their positions ii^ tho Periodic Tijble 
indicated in the diagram. . The element UX 2 , for example, is quite analogous 
to tantalum, its predecessor in Group V (column A) of .the table. ,Siuce this 
eleijient occupies a placj yithe talfio by itself*, it has,been given j distinctive 
name, brevium . 2 » » * 

The final, stable,*non-radioactive elements that result from the disiptefjra- 

--- — , -’-< ■ ■-^ 

1 Sodd^ Trans. Chem. Sod!, 1911, 99 , 72. 

2 Fnjans and Gohring, fhysikoi. Zeitsch., t 1913, 14 ,*877. 
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V tiou of thorium, uranium, and actinium, are seen to be i&topio wibh lead. In 
the cases of thorium and uranium, the atomic weights of these end-products are 
calculate^'to bo 20f*4 and 206*0 respectively^ and in order to make these two 
atomic weights equal if* is necessary to change ttye atomic weights of thorium 
and radium by amounts injich greater'than their uncertainties appear to bo. 
«Tho atomic weight of lord is 207*20, and the question therefore arises 
Whether ordinary lead may not be a mixture of isotopes. In such a case the 
^ atomic weighs of lead would vary with its origin. This was first Snown to be 
t the case by Soddy and Hyman, 1 and their conclusion has been confirmed by 
Several other investigators. 2 The sources and atomic weights of the various 
preparations of radioactive lead that have been examined are detailed in the 
following table:— 


Lead extracted from— 

Soddy and 
Hyman 

Kiehm da and 
Lembert. 

Honigschmid 
and Horovitz. 

Curie. 

Thorite* Colon) 

Tlionanite (Ceylon) . 

208*4 

200‘ 82 



Titchblende (Joai lumsthal) 


206 67 

206 405 

206*04 

** „ (Cornwall) . «• 


200 86 



llraninite (N Carolina) . 

* „ * (E. Afiica) 

Brftgp:erite (Norway) 


206 40 

206 04(1 

206 063 

206*36 

Carnotite (Colorado) 


206 59 


Moimzite ... 




207 08 

Yttro-tantalitr • 



c. 

206 54 

(Non-radioactive source). 

207*1 

207*15 

207*180 

207*01* 


Moreover, the lead extracted from carnotite possesses an ultra-violet 
* spectrum identical with that of ordinary lead (Richards and Lembert). In 
no other case lias the atomic weight of an element been found to vary with 
its geographical source, although the possibility of variation has been 
recognised $nd experimental evidence on the 'subject sought by various 
investigators.* 1 Further experiments m this direction promise to be of 
exceptional interest.} , 


Valency. 5 

v> 

Introductory. -* A number of elements form hydrides*of lyiown molecular 
formyl®. The'Tynnuhe of those t hydrides in w ( hich there is onlyone atom of 

1 Soddy and Ilymui, Train. 'Chum. Soc., 1914, 105 , M02. * * 

2 T. W. Richards and Lembert, ,/. Amer. Chem, Soc., 1914, 36 , 1329. Honigschmid 

and Mdlle. ^lorovitz, Compt. rend., 1914, 158 , 1790. Monatsh., 1915, 36 , 3,55. M. Curie, 
CompL rend., 1914, 158 , 1670. „ „ , T , , r . 

> See, e.g. Baku- uM Bennett (Tmnt. Chem. Soc., 1907, 91 , 1849) and Lenher W-Amer- 
Ohm. Soc., 190!), 31 , 20) on telluiium ; Richards ( Proc. Amer. Acad., 1887, 23 , 1TO) on 
■copper; Richards (J. Amer. them. Soc., 1902, 24 , 374) on calcium ;Ric«iards and Wells 
(ibid., 190a, 27 , 459) on silver and sodium ; Laxter and Thorvaldson (ibid. t) 1911, 33 , o37,i 

r °The arrangement of the radio-elements in the Ocuodic Table as here described is that 
iven by F. Sfoddy, to whose'interesting little book, The Chemistry of the Radio Elements, 
j J arl»2 (Longmans 1914), the reader is referral for ftJll detailsrOiid references to the 

literature. The arrangement is due largely to the work of Saidy, fajans, Fleck and Russell, 
and it should be mentioned that it was not arrived at directly from Van den Jiroek’s 
Hypothesis,*as the text may seem to ytfply, and dees not stand or fall with that hypothesis. 

0 For further infornyitioi' on the subject of Valency thail^'au be given here, the reader is 
referred to Friend, Theory of Valency (Longmans SJ Co., 1909); Hiurichsen, Ueher den 
gegenwdrtii/cn Stand der Valenzlehre (AliMi’s Sammlnng, No. 7, ^902); Money ana 
Muir’s Th'etiomrv of Chemistry, articles on Equivalency and Isomerism ; an<i_the chapters on 


& 


Mxnr s wci \'rmry oj wurmwry, articles on Equivalency a...-— . , ,i A .. u 

Valency in the Study of Chemical Composikon (Cambridge University .Press, 1904) by 
Miss Freund; Muir, History of Chemical Theories and Laws (Witty & Sons, 1907), etc. 
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v the element other tlftm hydrogen in the molecule are given in the following 
table 


UK 

H.,0 

II, 11 

H,0 

HCI 

, ii;s 

H,N 

i 

II Hr 


11 ,1’ 

, II,Go 

.u> 

ll„Te 

H 5 A» 




U 8 8l, 



An element M which forms a hydride of molecular formula Mil,, is said to* 
have a valency of n ; the elements are classified as vm- (or mono-), hi- (gv Ji-\ 
ter- (or tri-), </uadri - (or tetra ) valent, etc.,*according as the value of n is 
one, two, three, four, ete.; or else they are called monad*, duals, triads, 
tetrads, etc. Hydrogen forms the standard element, its vAlencv being taken 
as unity. 

The valencies of many elements cannot be determined from the nrec<*ling 
definition, owing to the fact that their hydrides are not known. 3 *The con¬ 
ception of valency is therefore widened by regarding an element M as having 
a valency of n when it forms a compound with a halogen X 2 of the moledn'ui'r 
formula MX m This extension is made in view of the fact that the. halogens 
are univalent when compared with hydrogen, as seen in the preceding table. 
In the following table the chlorides (and one or two iodides and fluorides) of 
known molecular formifhe are given:— 4 


LiCl 

001, 

SrCl.,* 

Bd, 

001, 

PF, 

KK„ 

OsF, 

NaCl 

oiri. 

11*01.,* 

NOlo 

Sid, 

AsF 6 

SoK,, 


KOI 

OrOl, 

,0(101..* 

I’Olg 

Se( '1, 

SM'V. 

Tri'-, 


K1 

Fed, 

M..C1V 

AsCL, 

TeCl, 

OhCl 5 


1U>U1 

ZuOl, 

CoL'I.,* S 

SI-01, 

Ti<’] 4 

TaCI, 

wii 


Csci 

(iaCL 

PdOl..* 

BiOl, 

V01, 

Mod, 

MoF 6 


c„r 

siici., 

1'tOL* 

A101, 

■Ci. 

WC1 S * 

l 1 K„ 


InUl 

Ill 01, 

On(!l./ 

Cl 01, 

c*Su01 4 

0 



T101 

Unci, 


Fed, 

Gad, 

Zi01 4 




AgCI 

na 2 


ud, 




Oui'H. 

OaCI,*. 

« 


InCl, 

• 

0 

0 

• 

. 

* " ' 


* Molecular/ornuih’jin solution in fused BiOl 3 (aide p»1^7). 

f Molecular formula in solution infused Bi(’j 3 . The molecular* formula in the gaseous 
state is CuX’l 2 . * All other formula* in the table arc derived fiom vapour-density 
measurement.*. 


•Only a,few elements are excluded from both of the preceding tables. Of 
these, the inlrt gases form no compounds and henc<# exhibit no valency, and 
•the valencies of the remaining elements are arrived at by assuming the 
simplest formula) of their luilkVs to represent ihe molecular formula) in the 
absence of any definite evidence on the point. * ■* 

. * The valency*of ap element, derived in the preceding manner, is rt)gt*ded 
as indicating the number of other atoms with which out) atom o*f the 
element can be directly, united yi a molecule. It i$ customary to indicate 
the valency of an elemciifby a number of strokes rtidiajjing from the symbol 


1 Or, if known* arc of unknown molecular weight In Jhis caccdhe sini|>l*stformula is 

assumed, e.g. MaH, CafL, etc. * * 

2 Vlnnrlno nlilnwno Tif, 


hmnnnp 


id indii>o arn.l.he hidocen elements. 
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fc tiff -the element' and in this way graphic (constitutional ov-structuraf) 

''are written, as indicated in the following examples* ' v " ’SJ 


H—Cl 


/Cl 

l,g <cl 


MI 


n 

I 

II—Si—II. 


'*> #1 # ,. , 
Tho conception bf valency is still further widened. An atorfc of a diad 
•element is capablo of uniting with another diad atom to form a molecule, an 
'atom of a tetrad with two diad atoms, and an atom of a hexad. with three 
diad atoms; e.g. ZnO,, C0 2 , aiyl WO, respectively. 1 In such substances, 2 
which do not contain monad elements, the elements aro still regarded as 
‘ ; their ordinary valencies and their graphic formula written 


7m—0 


Kr 


0 = W 


^0 


in accordance with this idea. An element with a valency of n is said to 
jKEfess n valency bonds or linkages, and in the preceding cases oxygen is 
said to be-united to zinc, carbon, and tungsten by two valencies,/w two bonds, 
or two units of affinity ; or else, united by a double bond {or linkage). 

So far, binary compounds alone have been dealt .with, and only those in 
which one a ton) of one element is united witli one or more atoms of a second 
element. Tt will be seen that the valency of tho first element is in these 
compounds given by the “ rule 


valency = 


atomic weight 


chemical equivalent ^ • 

since the chemical equivalent of oxygen is chosen as one-half its atomic 
weight, and the hydsido of oxygeq is ll 2 0. The preceding rule is frequently 
stated as a definition pi valency, b’ltyit is only of limited application. 

From what has been already stated, the meanings attached to formula) 
such, for example, as 


Nf 


"S 


-01 


o=s<^ 


/o 

m o 

Vci 


o=o=s 


Cl-P^01 

• \ci 


0^ \jl 


will be sufficiently clear. Various oxides of the types M 2 0 3 , M 2 0 6 , and ^ 2 0 7 
are regarded having the constitutional formulas * 


e beiSgoxidex of triad, pentad, and <heptad elements respectively. In the case 
of binary compounds, in 'which one element is a frronad and more than dtae 

, * _ it * ---.-----^-*- f -- " “ 7 

, 1 The .terms diad, tetrad, and hexad are heft employed to denote valer.cies derived frota 

a atucly of-hydrides or Ifalides. , * 

, a In the subsequent discussion molecukr**formula; are often, ascribed'to substanoes 
■ although the molecularVeights a^e not known ; c/'., footnote 1 on p. 288. ^ 


/JO 

“\ 

0 

* M <0 


o=u( 

" o 

0 = M.( 

N) 


O sX O 
IM< 

•X- 
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atom of the other ,, ^.owu. ... ^.u .« .« 'assumed that 

i the polyvalent atoms are directly united to one another; e.jr. silicon hydride 
SioHj is represented as 
V . H H 

» 1,1 

H—Si—Si—II 


containing quadrivalent silicon, since in its hydride Sill,, its halfdes SiX 4 , and 
its oxide SiO.„ silica is quadrivalent. With compounds of this type, the “ rule ” 
for deducing valency does not give the accepted result; e.g. silicon would bo 
a triad in Si.,H 0 , in accordance with this metl/od of deriving the valehSy.. 

It is possible to assign a valency to a radicle, or group of atoms that can 
be transferred as a whole from one molecule to another. Tfie sulphate radicle 
(S0 4 ), for instance, is bivalent, since it combines with two atoms of hydrogen 
to form a molecule ofsulplmric acid, 11„S0 4 ; and the hydroxyl radicle (OH/ 
is univalent, as it unites with one atom of hydrogen to form water, 11,0. 

Valency a Variable Property. —From the study of tho hydrides the 
highest valency ever observed is four, e.g. silicon in SHI ,; from the haliAes 
eight, e.g. osmium in OsF,; and from the oxides eight, e.g. osmiarn in Os0 4 f 
An element may exhibit more than one valency Tho following list of 
elements of variable vqleney is constructed from the data supplied by the 
two tables of formula: previously given, and can be extended by considering 
the valencies deducted from the formula: (empirical as a rule) of the oxides:— 


Element. * Valency. 

Element. 

Valency. 

Phosphorus . 
Arsenic . 

Antimony 

lion 

Chromium 

Gallium . 

Iadium . 

• 

^ and 5 

3 and 5 

3 and 5 

2 and 3 

2 and 3 

2 and 3 

1, 2, and 3 

Tm 

*LTiaiyuni 

Molybdenum . 
'Lttliffiden . * 

Sulphur . 

Selenium # 

Tellurium * 

2 and 4 

1 ami (3 

5 and G 

5 and 6 

2 and 6 i 

2, 4, and 6 

2. 4, and 6 

* 


element differ by two, or 
Many attempts have 


It is noteworthy hot 1 frequently the different Vaiuea for the valency of an 


• a multiple of two. 

: been mado to regard tho valency of arf atom as a 
; fixed, invariable property, and, on this view of valency, to account for its 
,^appSrentlj 4 variable nature. This part of the subject will not, however, be 
■uSiscussed hoifs. Most of tho attempts are simply dialectical, amounting to 
(*wbtle'moro than a restatement of plain, experimental facts in obscuro and 
'i^jefinod terms ; and in *tfi» absence of a satisfactory hypothesis as to tho 
se and nature of valency, .they are of slight value* . 

■- tp-/'With some elements ftio assumption of a single vaViji for the ValJnoy 
appears to be sufficient, “e.g. calcium, bivalent in its hydride, chloride, and 
oxide.* In regard to the other elements it is seldonf necessary l*o assume a 
value other than one of J ffiose indicated from the ciAupqsitions of the halides 
(in, order to arrive,at structujrM formula: for their compounds. The"*un- 
■ certainty attaching to these formulas/ however, must be frankly recegnised. 
For example, lead appears to, be bivalent in PbOU and PbO, and tjflaiirivalent 
Jn,PbCl 4 and PbO,,“and hence is usually regarded as being eithCr a diadoi 
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ts oompo 
ructuro ( 
is represented by (ii.)- 


tetrad in all its compounds. Accordingly, the oxide PbjPj is not regarded as 
\ having the structure (i.) beiow, in which lead is represented as torvalent, but 


,0 

' Ph. : ; 

(i.) ' 0 

' Pb / 


, , 0 N ' 

Pi/ )Pb - 0 

'' 0 ' 


* Again, on the assumption that nitrogen is torvalent and oxygen bivalent, 
nitrogen peroxide N a <> t may he written 


N—0-0 ' N-(\ 0—N--0 

II | nr 0 | ;0 or | | | 

“N—0—0 N N—0 ' 0-N—0 


A similar in definiteness attaches to the constitutions of many other sub¬ 
stances^ and the reasons adduced when selecting one of a number of 
alternative formula: are often extremely flimsy. As a further example, the 
oxides M.,0 are not all regarded as oxides of univalent elements. The 
favourite views concerning the constitution of mercurous oxide and chlorine 
mdnoxid(<; forinstance, are those expressed by the formuhe * 


Ilg 

I 

llfi" 


0 and 


or 


o. 


The ditticulties and uncertainties enc/nr^med are attributable to the 
impossibility of at present defining va. * . 'tty^ofiuilc manner, and the 

' absence of a really satisfactory by polhesi. H nature; and in this 

connection it should bo mentioned that * > not he confused with 

chemical affinity. The term affinity has, e'juently be^ g *jgcd 

in discussions on valency. 1 *■ ^ o is fr’^v'o / 

Valency and c the Periodic Classific /s °fy L —^Jificatior : 
valencies that an elehient appears 'CO exhibit, oik ^ l nc a;{achcd tfin ^.mda> 
express its group number in the Periodic Classification ..s 

Groups 0 to VII. are concerned ; e.y. aluminium, in Gr<j ui i r iad, and 

tellurium, in Gydiip’ffl., is sometimes a hoxad. 8 This joarti * lency may 

.usually he assunfed in an oxide, 1 and, with thfc exception * *alno 7, in 

one at least of tin halides.' Thus, the valencies of the ofeuu, va ' uld appear 
to vary periodically with their atomic weights, as was .ed out by 
Mendeh'leff. Taking the elements of the second short seres . w0; • ample, 


No Na Mg A1 Si P S Cl, 

the valencies, derived fPDm the oxides, are 

0 1 2 3 4 5 «(x 7 . ' , . (A) 

and from thf halides, , 

f *. ( . 0 1 2 3 1 P/ 1 ( . .(B) 

The hydrogen valencies, however, do not progressively increase, being in fact, 

o . 1 2 ;? f 3 2.V J • • • <Cf) 

1 The valencies of the elements ami the constitutional form like of their more important 
compounds are dealt with in Volumes II. to IX. of this sciies. 

8 ThoOie^plk valency of fluowne and bromine, and the hexavalency of oxygen, however, 
do not seem to be observed. 4 



It? i»natural to suppose that the elements of Group VIII. may, on occasioi 
exhibit a valency of eight, particularly now that an octafluorido of osniur 
is- known; and osmium and ruthenium are accordingly regardo^ as octad 
in the oxides 0s0 4 and Ru0 4 . # Evidence for the octavfjonc)* of ^he othe 
transitional elements is, however, lacking. 0 ’ 

The values for the valencies of the elements derived on the nosumptioi 
that valency is pervxlic, are not always tho values commonly exhibited b; 
the elements, e.g. thallium, lead, bismuth, etc. It is noteworthy, however 
that the values thus derived represent, with very few exceptions (e.g. copper 
gold), the maximum valencies of the elements. Hence it is that altbougl 
an element may usually oxhibit one particular valency, higher valencies an 
often assumed in order to account for the Existence of certain compounds 
Higher valencies than one are, for example, often assumed ip the case of th< 
halogens in order to “explain ” the existence of double salts, such compound) 
as IC'l 8 , IF 5 , etc., tho assumptions being justified by reference to the l’oriodfi 
Classification, which ihdioates a maximum valency of seven for the halogen's. 

Theory of Valency. —The various theories of valency that have bee 
suggested from time to time fall broadly speaking into two groups, nanul 
chemical and physical. The former content themselves with postulating*#) 
existence of qlm tain definite or indefinite attractive forces, and proceed t’o 
discussion of the intoryal structures of various molecular chemical entities 
whilst physical theories concern themselves primarily with yir* nature c 
those*attractive forces and the constitution of the atoms. It is important t 
bear this distinction in mind, “because it is then obvious that choiyics 
theories of valency do not necessarily stand or fall with the physical; on tli 
contrary, they may and often do admit of interpretation according to th 
different views on matter that physical science from time to time suggests .” 1 

A. — Chemical Theories of Valency. p 

Abegg’s Theory 2 attributes two kinojs of valency'of opposite polarit 
to every element, namely normal and <*hna, Of these the former is th 
m’ore active and corresponds to the recognised valency of the elements, while 
the latter explains their so-called residual affinities. When its norma 
valencies are jaositive in character the element possesses tlto, properties of 
metal, whilst the normal valencies of non Petals are neg.ftive. The *aritli 
metical sum total of* normal and contra-valenci<.V»for eaoh element is eight, 
and their relative distribution determines the position of the element in th 


periodic .table. Thus: 


• 


# Horizontal groups 

1 2 3 

■t 5 ’ 6 

7 

Typical ijements 

Li Cl ]i 

0 N 0 

F 

formal valencies 

+ i + 2 + •'! 

+ 4 • -:s - 2 ’ 

-I 

Contra valencies 

, . 7 - (i - 5 

-4 +5 + (i 

+ 7 


i % it* <» 

A little consideration A r ill show that this theory a Hurds a ready-explanatioi 
for •association, fertile formation of molecular compounds *uph as double silts 
and the like. It also seiVes to explain the amphoteric native of mtrbgen 
carbon} etc., which combine readily with (deolroposihve hydrogen and ye 
yield very Rtable composite with electronegative oxygem • 

1 Friend, The ThcoAj of Valency /tionginhis & ('o. Second Edition, 1910), p. 1,70. 

2 Abegg and nodlander, Zeilsch. anorq. <'hnn, t * 1899, 20 , 453} Abegv, # f?/^., 1(5 o4 

39,330. , * ‘4, * , T 

* For u llhvbical into idrpi.fttioii of tliin r*>p Imvh .7 A oner dhrm. Xnc . 1Q10* 38, 762. 
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Both Spiegel? and Arrhenius 1 2 have suggested fcjiat .oertain elements 
possess, in addition to their ordinary valencies, neutral afflnitiel (Spiegel) or 
electrical Rouble valencies (Arrhenius), which are simply ordinary valency 
bonds capable of taping utilised in pairs of equal and opposite sign. When 
not in use they neutralise each other within tho atom, and consequently do 
not affect tho electrochemical nature of the latter. Friend 3 has still further 
developed these views anti applied them to the studyof complex salts lor 
which he suggests cyclic formula) in preference to the co-ordinatejl structures 
of Werner. 

As illustrative of the manner in which tho latont or neutral affinities act 
the combination of ammonia with hydrogen chloride may be taken In NH a 
the nitrogen atom is torvalont, and no compound of the typo NI£ 5 appears 
capable of existepce. The maximum free negative valency of nitrogen is 
thus soen to be three. In ammonium chloride, however, the nitrogen has a 
^valency of five, a pair of latent or neutral affinities having been called out 
by £he'additional atoms of hydrogen and chlorine. Th/is 

NE=tH.+II+—n-M, :x"/ ills- 

♦ n As will b'e seen later, all of those theories are capablo of an electronic 
interpretation which harmonises them with the most recent views on the 
constitution pf the atom. Two other theories of importance remain to be 
mentioned, namely the crystallographic theory of Barlow and Pop5 and 
tho, co-ordination theory of Werner. Tho former' has already been 
discussed (pp. 75-78), and its inadequacy has recently been shown by 
Richards 4 * and by Barker, 6 the latter having subjected it to severe and 
rigid criticism. 

The theory of Werner, 6 originated in. 1893, ha^ - bocn widely accepted, and 
has proved ,very useful in its application to the study of complex salts such 
as the metalammifles. Originally two kinds of valency were postulated, 
namely Principal and Auxiliary^ *r.The former were the ordinary valencies 
of the eloments, whilst the latter were additional valency bonds which could 
come into play when the ordinary valencies cf an element wero saturated. 
For example, aairndnia and hydrogen chloride are saturated compounds. 
Unioa to form Ammonium chloride was supposed to take place by an 
auxiliary valencg, represented by the broken line *. 

H 3 N . . . HC1. 

It has now been concluded, however, that the differences originally 
assumed between principal and auxiliary valoncies do not really ex, ; st; 7 - 
hence the above schemg tacitly assumes that nitrogen has a v»leiicy of four,, 
whilst one hydrogen atom lias a valency of two. This is opposed to our 
ordinary conception of valency, although that itl 'itself does not necessarily 
prove that .Werner is wrong, for the recognition of valency bonds at all is' 

1 Cpiegel, Ztibch. anorg Chem., 1902, 29 , 365. *. 

• 8 Arrhenius, Thcoricn (ter Chemic, Leipzig, 1906. 

3 Friend,' Trans. Chem. Soc., 1903,, ' 93 , 260, 1006 ; 1916, * 09 , 715. 

* Richards,'/. Amer. t CheU. Hoc., 1913, 35 , 381 ; 1914, 3 ?’, 1-J86. See Barlow and Tope, 
ibid., 1914, 36 , 1676, 1694. ' *. 

• - 6 Banker, Trans. Chem. £oe.,1012, 101 , 2464 ; 1915, 107 , 744. M t 

9 Weuiej gives a v^ry comi>lete account of his views in Neucre Ansclmmngen auf derd 

Oehiete der morganischm-Chcrb'e, Brunswick, 0 913. ' , 

, 7 Werner, Ber., 1813, 46 , 8674. Dubs ( ky, J. prakt. Chem., 1S14, [ii.], 90 , 01. \ 
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admittedly an arbittjary assumption. The formula, however, Has nothing in 
particular to recommend it, whilst many objections may be raised against it. 

Werners theory, however, *it*'or<N* a useful method of classifyi/ur complex 
salts, and to it wo owe the di >soverv of the asvmmefriccohal^ ;;t<rtn. From 
this point of view it is discussed m, Volume IX. in eonnection with the 
metalammines. 8 

B.—Physical Theories of Valency. • * 

A theory attempting to explain the actual cause of valency must of* 
necessity be influenced by the views held at the time of its pumniigrtieu on 
the constitution of matter in general and on the struetme of the atom in 
particular. When atoms were regarded as hard, impencltabJo sphetos the 
suggestion that they possessed hooks enabling themtoeVug to each other 
was a perfectly reasonable one. Such an hypothesis, however, is entirely out 
of the question if modern conceptions of the electrical nature of chepiicei 
forces are accepted. • • 

Hie close connection between electricity and chemical allinity has been 
made the subject of observation for very many >e^irs: both Davy 1 2 *?d 
Berzelius ■ regarded chemical combinalion as essentially an electrical plnyio- 
menon. Bloihstrand 3 in ISO!) drew attention to the fact that the smallest 
number of valency bonds is possessed by those elements which exhibit the 
most decided eloctroehtfuiical character. Thus the alkali n#*taK and the 
halogens are highly electropositive and negative respectively, and their 
valency is unity. fXirbou, on the other hand, is amphoteric, and its valency 
is four. 

Helmholtz 1 in IS.^1 again drew attention to the electrical nature of 
chemical force Thg laws of elect rolvsis ( Fataday’s Laws, p 20“) naturally 
suggest that electricity i.t^of an ‘•atomic” natuie, since tl^s atom of an 
element*, ol valency n must be supposed to eany n times tin* quantity of 
electricitv that a univalent atom carries According to llfflmliolt/, each “unit 
of allinity ’ that an atom is said to posses# -|i presents a flhai go of what might 
bs termed one “atom of electricity,” positivi or negative as the ease may he. 

Since Helmholtz propounded bis views the el#*trical theory of valency 
has ree.e.ifed 4 jn fticreasmg amount of atleut io*» :> .Tooofc^ing to modern 
physical theory, the “atom* ol electricity" are capable *>f existing •apart 
from matter, 4ho “cAthode rays ” shot off fiom th* cathode when an electric 
current is passed through a larelbd gas consisting of streams of these 
electriijaJ aUnns or electrons. An electron is a neyative. electrif.il charge, 
identical with the eh.yge associated m electrolysis with the atom of a 
uniflilent (jjoctronegalivo element, e.y. chlorine. 

The modern view of the struct lire of the atom 1ms already lxvn briefly 
(futlifted (p. *i7(>). An atom is regarded as consisting of a positively charged 
nucleus surrounded by the requisite numUer ofii ucg.it no electrons to render 
the atom electrically fieutra^ Some of these eleeftons are mobile. Most 


1 Pwvy, Phil. Trans. , 1807,97, 1. • 

2 Berzelius, Lehrbuch der •Ukcmie (Dresden, 2nd* edit., 1827), iii., Part I. See this 

roliflne, p. 193. * ^ * 

3 Blonistrand, CJtcmjc. der Jctztzeif I 860 up. $17, 243. 

* Helmholtz, Tyins. Cknn. Soc ,1881, 39 , 277. 

8 See, e.if., Lodgg, Modern Vinos on Waller, The Rfunanes Lecture? 1903 ; £, 1904, 

? '0, 176; P. F. •Frankland, Nature , 1904, J&, '423, and the references cited i» succeeding 
ootnotes, 

VOL. I.' 19 
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scientists wh<5 have discussed the subject follow tile „view propounded by 
v J. J. Thomson in 1904, namely, that mobile electrons may be detached from 
one atom l^nd transferred to another. On this view, a positive (or negative) 
ion is air atom tlmt has lost (or gained) o«e or more electrons; whilst the 
different valencies of "the elements ayd their chemical and electrochemical 
characters depend upon the manner in which the stabilities of the electron 
systems constituting their neutral atoms are affected fey the loss or gain "of 
electrons. (Jombimftion between atoms represents a transference of electrons 
J-from some atoms to others. For each valency bond established between two 
atoms the transference of one electron takes place, the losing atom acquiring 
a unit positive charge and Hie receiving atom a unit negative charge of 
electricity. 1 

The preceding electronic conception of valency gives a satisfactory 
explanation of highly reactive compounds, c,y. many inorganic compounds, 
f but t difficulties are encountered in applying it to most organic compounds. 2 * 
Moreover, since the inception of the preceding theory of valency the 
developments of physical science have led to the conclusion that it cannot 
be of universal validity, since it necessitates the atoms in a molecule being 
positively or negatively charged, and there is clear evidence that in certain 
molecules M atoms are electrically neutral. 8 In part, this evidence is 
supplied by Thomson’s “positive ray” method of analysis, 4 and Thomson haB 
changed his opinion regarding the mechanism of the attraction between atoms. 
He now considers 5 6 that the electrical forces which keep the atoms in a 
molecule together are due not to some atoms being charged positively and 
others negatively, but to the displacement of the positne and negative 
’electricity in each atom. Each atom thus acts like an electrical doublet, and 
attracts another atom in much the same way that two magnets attract each 
other. As in the earlier theory, mobile electro! s itv?: supposed to exist in 
atoms, but,'in chemical combination .between atoms, the elections belonging 
to a particular atoifi are held by such constraints that, although they move 
from their normal positions, it iVtrie exception and not the rule for them to 
leave the atom and transfer themselves to another atom (or atoms). The 
number of mobile electro is in the neutral atom of an element is supposed to 
be identical wtyk th6' number of the vertical group in tlftS Pgriodlxf Table in 
which the element finds a placer Thus, hydrogen and the alkali metals in 
the first group possess or*** such electron, and so on. * 

A mobile electron in an uneombined atom is connected to the nucleus'by 
a tube of force. When combination takes place with a second atom this 
tube of force is regarded by Thomson as becoming anchored on to the nucleus 


1 J. J. Thomson, Phil. May ., 1904, [vi.J, 7 . 237 ; 1900, fvi.], n, 769 ; Electricity avd 
Matter (Constable, 1904); The Corpuscular Theory of Mcl[fr (Constable, 1907). Ramsay, 
Trans. Chem.^oc., 1908, 93 , 778." Full?and NelsotipJ;. Amcr. Chcm. Hoc., 1910, 32 , 1637 ; 
Falk, ibid., 1911, 33 , 114d; 191‘2, 34 , 1041; Nelson, Roans?and Falk, ibid., 1913, 35 , 
181A; Falk and Nc(s<n, ibid., 1914, 36 , 209; 19? 5, 37 , *274. Fry, ibid., 1908, 30 ,*'34 ; 
1912? 34 , 664 ; MH4, 36 , 248, 262, 1035 ; 1915, 37 , 855 ; Vcitsc'n. physical. Chcm., 1911, 
76 , 385, 398, 591 ; 1912, 80 , 29 ; 1913, 82 , 665. Guthrie, J. ltoy. So, N.S. Wahs, 1912, 
15 , 318. W'. A. Noyes, J. Amcr. Cfyfa. Soc., 1913, 35 , 767. 

2 See, e.y /the criticism tf the theory by Brunei, J. Arftl.i Chcm. Soc.., 1915, 37 , 700. 

* For a summary of the physical objections to \he theory, see Bates, J. Amcr. Chcm, 
Soc., 1914, 36 , 789. 4 

c * J. J. Thomson ,TRays of Positive. Electricity (Longmans & Co., 1913); Phil. Mag., 

1907, [vl.L 13 , 561 j 1909, 187 821; 1910, 20 * 752; 1911, 21 , 225 ; 1912, ? 4 , 209, 668 . 

6 Sir J. J. Thomson, Phil. May., 1914^[vi.], 27 , 757. '' 
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or tn© second atom. • i! both atoms are to remain neutral, clearly the positive 
end of one mobile electron of tho second atom must migrate to the nucleus 
of the first atom. Thus each valency bond is represented by tiro tubes of 
force, and when each mobile electron in an atom has teion aijcoufcted for in 
this way the atom is saturated and exerts its maxipium valoucy. 

, If these views are accepted, it is possible to write valency formula) ftv 
many rnolocules when it is impossible to do so on the ordinary views *of 
valency. Nor example, it is possible to formulate a molecule If 3 ; for if, in 
tho accompanying figure, H denotes an atom of hydrogen and the arrow thej 
direction of a tube of force from an atomic nucleus to an electron, it is clear 
that each atom is represented as containing only one mobile electron, and 
is also electrically neutral since it is the origin of one and tho termination of 
another tube of force:— 

II 

P \ 

\ 

IT<-—II 


Lewis 1 has outlined an attractive electronic theory of chemical combina¬ 
tion which lsjn many respects similar to Thomson’s later theery, 4>ut which 
postulates that in chemical combination between two atoms a mobile electron 
may be common to both atoms. 2 Finally, reference may be made to tho 
valency theory of Stai*k, which, since it was published in lflOS, lias been 
applied with consid»rable success to the interpretation of chemical phenomena. 3 
Stark’s theory, like tho theories of Thomson and Lewis, is electionic in 
character, and also avoids the assumption that electrons are transferred from* 
some atoms to others ift chemical combination. 



1 Lewis, J. .toner, ('firm. 6V.?1916, 38 , 702; e.f. Low is, Anil., 1913, 35 , 1W 18 ; limy and 

Branch, ibvl., 1913,35, 1110. # • 

3 (’nmparo the electronic theory developed In' Arseni, J. Amer Chew. Sue., 1914. 
36 , 1655. “ # • * 

•*3 .T. Stark, Jahrh. Had tool, hr. Ehltromk 1908, 5 , 1*25. See Kng^li, l>\e Valent- 
hjpothese, von J. Mark row elmmMun Standpunk f (Stuttgiyt, 1912), and Jui a summary, 
see Miss A ibdni and#\hs» M. li. Holmes, J. Amer. Chan. Sac., 491;‘>, # 37> 2611. 
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PART II.—THE INEPT GASES. 


CHAPTER I. 

INTRODUCTION. 

The purpose of this Part is to give an account, of a remarkable family of 
gaseous elements, sharply characterised and distinguished from all f^hor 
families of dements by their chemical inactivity. For this ieas<*n they are 
spoken of generally as the “inert gases,’’ or sometimes, by analogy with gold 
and platinum, as the “ noble gases.” 

•Perusal of the detailed history of these gases will reveal hflvv very largely 
we owe our knowledge of them to the labours ol Sir William Ramsay and his 
collaborators. Helium was, by many years, the fust to be discovered ; Unit it 
was then kuovvn only as a, substance present in the solar atmosphere. hates, 
certain observations by Uayleigh on the density of atmospheric nitrogen 
directed attention /Jnvendish’s pxpenmcnls on air, and a repetition of his 
work led to the discovery of aigon. A thorough search for new sources 
of this gas led to the further discovert that certain raiy minerals contained 
quite considerable amounts of helium. 

With the perfection of apparatus for flic liquefaction")!' ail by the process of 
self-intensive rofiigeiation, it heiamc possible to lujud'y and freeUonaliv distil 
quantit:V 4 ^)f atmospheric aigon, and in the heavier fiactions of this gas 
Ramsay and*Travers found the new inert gas krvntun yVpplirahou of the 
same methods to stjl larger quantities of argoq led to the discovery of neon 
with helium in the lighter fractions; and of xenon vVifh krypton in the 
heavier fractions. # 

Thik historical sections of the subsequent chapters, if taken together in the 
or^er indicated above, will give some idea of a story as interesting, perhaps, 
as any thflt <jan bo found in chemical literature. 1 

•With the exception of argon, these g-isos are present in air in extromely 
minute amounts , hence Ury are frequently spoken of as the “ rare gases.” 

It was at lirst svggestifd *that argon* mig^ht bji 5, polymer of nitrogen, 
related to that gas jus$ i*s ozone is to oxygen; and that heliuip might 
similarly he a polyfticr *)f hydrogen. Put a gas of t/!<? mplrculnr furtnnla 
N 8 would have a density of 21, whereas the dcqjdtx of argon is under 
2Q; and a similar digcrpiancy ifc found uv the ease of helmy* With the 
discovery of the other gases *)f the gfoup, the polvtnerisation theory was 
finally abandoned. • 

1 See Railway, The Gases of the Ahnospjfcif fMwnitllaii k Go. , 1902); and ■Moore, Chcm, 
News, 1911, 103 , % ’ 
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, / 
it follows, then, that these gases must bo cither compounds of known 
f elements— a very unlikely thing in view of their extreme indifference to all 
chemical agcntx—or else new elementary substances. It is now generally 
believed tkit the lattey alternative is correct', and the positive evidence for 
this belief may be briefly sommaiised here:— r 

? 1. The inert gases givq very characteristic spectra ,yv hi eh, nevertheless, 
show genera 1 resemblances. For example, all give dual spectra. 

2. They are chemically inert (see pp. .‘>20, M12). ' 

\ 3. They show general resemblances and gradations in physical properties 

•such aS'iire seen in other families or groups of elements. This can he readily 
seen by referring to Table 1 , in which tin- physical constants of the various 
gases are tabulated. 

Taw,H l. 1 


, - r — 

-- 



• 


-- 


Helium 

Neon. 

Argon 

Krypton 

Aeiinn 

Niton. 

Colo ir 

- Vonc 

None 

None 

None 

None 

None 

Smell: Taste 

None 


None 




Ratio of sp. 1 eats, y 

1 0 a 2 

1 *1-4*2 

l 05 

1 089 

1 COO' 


Weight in giants of 1 
normal litie . . / 

0 1780 

0 filin' 

l 7815 

3 70^ 

5 851 

9 97 

Density (0-= 10) 

l rn 

h •inn 

m 'i - 

41 f.ofi 


111 5 

Mol. wt, - At. wt„ 


20 20 

3; 88 

82 Q 2 

130 z 


Thermal conilnetivitv | 

K x 10 h . . ‘ / 

<8 SC 

mo i 

38 91 



RefraJivity: 1 

(p- 1)*. 10*1 for A Mol 1 

J4 -25 

1.7 10 

■28? O 

42s 71 

705 49 


Dispersion: , 

■ Cxlir - 7 in Sellm.-ier [■ 

‘2 425 

r. 187 

<1 483 

10-089, 

1 ° 218 


equation . 1 







Critical temit'iatun* 

5‘ ahs 

(.'1 ulis 

I'.tr Oalis 

2 iir 5 abs 

2 b!t 0 abs 

377' 5 al-s 

Ciitlc&l prcsMiic 

‘2*75 atmo 

atino 

47 'onatin<> 

5 ; 3 .111110 

58 iatnni 

u2 5 atnin 

Boiling point 

4“ 5 ahs 

27 1 ah- 

8 m al»s 

r .*2 ahs 

10,1 0 ahs 

211 ahs 

Melting-pomt . 



S3" 4 abs 

m-r ahs 

1 13 ahs 

202 “ ahs 

Vapour-pressure i.itin / 



II (1550 

0 11107 

0’0(>75 


Density of liquid at hull- | 
irig-p >int . 1 

O 151 


1 4040 

*2-155 

3 00 

5 (approx ) 

Conipresbilnlitv 

Zei o 

-onios 

11 ) (>0081 

|-(M )0210 

1 o-oocoo 

.. ^ 1 

Absorption co-tft at 0 * | 

0 0184 

0 011 1 

0 uMl 

0 120 " 

0 ‘2189 

0 5 

Viscosity, at o : 1 

C.G.S. unitsxin» ' / 

' 1*870 

•2 981 

‘2 102 

•2 334 

' 2 107 ' 


Temperature coetft of \ 
viscosity:/?> 10 s . / 



283 

308 

339 



From this table it will be observed that all these gases are coburlu^ and 
probably all are odourless and tasteless, and that in every case the ratio of 

1 By compressibility in this tabic is understood the cot flick'd AJ defined in tins v ol 
Part I., p. 131 ; it icfcis to 0' 0. The vahus for helium and noon aie the results of direct 
measurements, the otheis have been obtained indirectly by compiling Guye’s “critical 
constants” equations (Part l., p 135) with Bcrthelot’s “limiting density” equation 
(Part I., p. 133), and assuming the nece-Miry critic*}'l data: The molecular and atomic 
weight? given are those imtained by the method of cntieal constants (Ar, Kr, Xe) or the 
method of limiting densities (He, Ne). 

By vapour'pressure ratio is meant the value, of c jti the equation 

T./T»=T*/T t -*<<T.-T,),** 

where T«, T a - are the temperatures (abs.) at wi, ieji the ,: ncrt gas has the vapour pressures 
Pi and Tt and Tv are the temperatures at which methyl alcohol has the same vapour 
pressures p ard /> 2 respectively. 

For the v oleculnr velocities, molecular <1 imeters, and mean fxe paths, and also the 
refractive indites of the liquefied gases, see Rudolf, Phil. Mag., 1909, [vi.], 17 , 795. 
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tho specific # heats approximates closely to the theoretical valu<? (*1*667) for a 
monatomic gas. * 

Although the data in some eases are incomplete, a uniform gradation'of 
properties is clearly seen in tin* values of the density mid molpewJiir weight, 
the thermal conductivity, ttoe refractive index ;yul tlispeihion, the critical 
tiynperaturo, the boinug-point and melting-point, tins density of the liquid, an i 
thp vapour-pressure*ratio. With reference to the compressibility, tlic soki- 
hility in water, the viscosity, and the specific inductive capacity, it will be 
observed that there is a similar gradation of properties, the uniformity oft 
which is, however, broken in the ease of neon. Why this should lie m is not 
at all obvious, hut it may be remarked that tj|c compie-sibilitv, the solubility, 
and the viscosity are known to be dependent upon the attract ion between the 
molecules, and it seems therefore that, while from their relations of their criti¬ 
cal temperatures one would expect neon to be less “perfect’’ than helium, in 
reality it is “ ullrapejfoct ” at oidinary temperatures. „ • 

It will be evident from even a casual glance at the tabic that Hie simi¬ 
larities and gradations of properties mentioned above do undoubtedly exist, 
but no simple and exact numerical relationship has boey liaced This is (plite 
in accordance with what we observe in other families of elements, but* it, 
nevertheless, represents the grave of a buried hope. When *aigon and its 
companions were first fftund to have such a simple mulct ul ir structure, it was 
thought that the study «of their properties might gj\o some clu# to the riddle 
of the periodic tahjp, but lutherto it has not been possible to find any mathe¬ 
matical expression which will enable us to calculate accurately the valTie of 
even one constant of one gas from the values determined foi others . 1 2 

It has been already#mentioned that the ratio of the specific heats indicates 1 
that each of the iw ‘it y*ases is monatomic. Perhaps the most convincing 
evidence of the trutfi Cm # this ednclusion is afforded by the results of 
J. J. Thomson’s researches on rays of •positive electricity . 11 Other evidence 
bearing on the atomicities of these gases is given in the subsequent chapters . 3 
It will now bo evident that this famH <>i inert gasfs should find a place 
"Tn'The Periodic Olassifieation. The table as usually written before their dis¬ 
covery (see Frontispiece, Part I , omitting (Jrotip 0)* appeared to he complete, 
except forUbe*sional gaps into which they could not, ny possibility, be 
fitted. * • 0 » 

Now if w?consider the atomic weights of the* first thuei* members of the 
argon group, it is evident that they can find a place only in the eighth group, 
or bytbomwlveu in a new' group pieccding Group [. The former ^alternative 
was strongly upheld in the earlier days of their discovery,’but the latter 
position w'%s preferred by the discoverei*s and is now generally accorded to 
these gases. * * 

* Usually tire position of an element in the table can be justified by re- 
► ferring to its chemical ftchaviour as compand with* that of neighbouring 
elements; and it might at fir^t sight appear that this kind of reasoning was 
inapplicable to lh« inprt gases. '•This inertness, however. Affords the stYor.gest 
possible justification for placing them in Group 0. as may be* readily seen if 
we renrembor that the abpve tablets only aVonvementJ way of expressing the 

• ___* * _* ^ J _ _ 

1 Approximate relations have byn discovered ; see, c.y., Loimg, Chem. News, fMl, 

l°3» 71. . % 

2 Sir J. J Thonyson, Rays of Positive Electricity (Longmans k (’<>.* 1913).* 9 ^ 

8 For a (liseusMon of the atomicities of inert gases’ see H. R. Armslfong, Science 
Progress, 1913, 7 , 648 , Sir 0. Lodge, iltft., 191?, 8, 197 ; {toddy, ibi‘U. y 1914, 8 , 654. 
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fact that if we pass from lithium through boron, carbon, ifitrogen, oxygen, and 
^fluorine to podium, we find in the last element a modified reproduction of the 
properties of the first. This is most conveniently illustrated by one of the 
various spual arrangements of the table which have been proposed from time 
to time. 1 

' It is then evident that it is immaterial whether the pew group is placed 
before the first or after tho eighth group: 2 it is in either caso a transitional 
group through which we pass from the extremely electronegative Halogens to 
rthe other extreme—the electropositive alkali metals. The characteristics to 
be expected in such transitional elements were indicated by Julius Thomsen 
by a mathematical analogy. The change of periodic functions from + to 
- values can only take place by passage through zero or infinity : the first 
mode is gradual and corresponds to tho change of properties observed as we 
pass along a scries : the second is abrupt and corresponds to the change 
envoi”ed in passing from one series to the next. > 

Accofding to Thomsen, it was probable that the transition from one 
series to the next should take place via, an element, the electrical character 
of .f.hich corresponded to ± oc, and that the valency of such an element 
would be. zerq ; accordingly he supposed that there should be interposed 
between the series a group of elements of zero valency, electrically and 
chemically indifferent. Thomsen, indeed, predicted the discovery of a 
group of such elements whose atomic weights should bo 4, *20, 36,« 84, 
132, and 212. 3 

ft may he mentioned here that a, protest was, at one time, entered against 
altering the periodic table in order to make a place for these gases, 4 5 6 and it is 
perhaps a trifle (Iilbcrtian to devote a section of a textbook on chemistry 
to elements devoid of chemical properties. Nevertheless, the relationships 
indicated above provide a sufficient justification for so doing, and indeed 
show that without the inert gases tin. periodic system would he incomplete. 
In view of Mend el Ws suggestion that a member of tho group lighter than 
hydrogen might exist, it is appropriate to mention here that a search for 
such a gas in air has proved fruitless ; ■’ and also it may be added that if there 
is any other inert gas, of High atomic weight present in tl/e atmosphere, the 
amount of that gas must he extremely small in comparison with the amounts 
of krypton and xeuon present. 0 ' 

The only difficulty tha L c arises in placing Group 0 between Group I. and 
Group VIII. is that it brings argon between chlorine and potassium, an arrange¬ 
ment which is not in accordance w ith their atomic weights, as the flowing 
table shows:— 


F = 190 

01= 35 46 

Bv- 79*92 

I =12692 
< v 


If e = 4-00 

Ne= 20-20 
A = 39’88 
Kr= 82-92 
Xe = 130-2 , 
Nt = 222-4 


Li = 6-V4 ‘ 
Nil- 2.5-00 
K - 39-10 
Kb = 85-45 
Ca —132-81 


1 See this volume, Part I. Chap. VIII. «*, 

^See, e.g , Ilowe, Chun. News, 1899, 8 o, 74. 

J. Thomsen, Zeilsch. anorg. Clitm., 1895,9, 283.n • 

♦ Picidni, Zeitsch. anorg. Ohm., 1899, 19 , 295 ; Gazzetta, 1899, 2 L\ 169: cf. Martin, 
Troc. CkfAX Sir., 190l, 17 , 259. 

5 Coates,' I'roc. Hoy. Soe., 1907, 78 - 479. ' v 

6 See Sir J. J. Thomson, Rays of Positive Electricity (Longmans & Co., 1913), p. 1*1. 
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It is not possible to explain why the atomic weight of argon is'greater than 
that of potassium : one can only point*to other similar cases - t.g. iodine and 
tellurium, cobalt and nickel—and say that in this case, a$ in/those, the 
evidence of chemical relationship appears to justify a violation of /ho order 
of atomic weights. # • ^ 

• In order that Group 0 may bo strictly analogous to the other groups, it 
should contain a typical element and odd and c*en subgroups.. If this is 
really the case, then the only representative of the odd subgroiyi at present 
known is neon. It has been already noted that neon differs in several 
respects from the other known members of the group. % 

Much interest has been aroused by th^ discovery that the u-rays of 
radioactive elements consist of material particles which are atoms of 
helium carrying two atomic charges of electricity; and that niton, the 
first product of the disintegration of the radium atom, is a member of this 
group. It seems practically certain, too, that krypton, though present in, 
the air in most minute accounts, is largely responsible for the spllmdour 
of the avrora borealis. These matters, and many other interesting points hi 
connection with the rare gases, are dealt with more fully later. 



Q.HAPTER IT. 

HELIUM (He). 

'Histo.ry.- During the solar eclipse visible in India'on the 18th August 
1868, a spectroscope was for the first time turned upon the solar chromo¬ 
sphere—the luminous atmosphere of gas which surrounds the sun. Many 
oto&rvers noticed in the chromospheric spectrum a yellow line, supposed by 
them to he tlw'D lines of sodium. Janssen pointed out 1 that*this line did 
not exactly coincide with the sodium hues D, and l) a , and he proposed to call 
it 1) 3 . Shortly afterwaids, Franklaud and Lockyer -• came to the conclusion 
that this lino^ould not be attributed to any known terrestrial substance/ but 
in us/. he due to a new element existing m the sun To this hypothetical 
element they gave the name helium (Ur. jjAtos, the sun); a name which was 
, generally accepted by astronomers to denote the substance giving rise to the 
line D 3 . As observations accumulated, certain other lfnes were seen always to 
accompany this line and to vary with if. in intopsfyvand they were conse¬ 
quently attributed to the same source. The *jhief of these were A7056 
A4472, and A3970 I> 3 itself has Af>&7(>. 

Until the year 181)5 the omv reference to the possible existence of 
terrestrial helium is found iif a note, by the astronomer Palmieri , 4 ^bf> 
observed that a lava-1 ike product from Vesuvius gave a yellow spectral line 
of wawi-longth A - 5^75, and concluded that it contained helium. —Unfortun¬ 
ately no details'of his method of experiment are given, and it is possible that 
his observation was mistaken. Helium is known occur m Vesuvian 
minerals , 5 but itTirf not possible to obtain the helium spectrum from liolium 
minerals qither by heating in the flame or by the spark. 0 * 

The actua^discovery of terrestrial helium was made by Sir Williain (then 
Professor) Ramsay in the latter part of 181)4 when searching for new soijrces 
of argon, then recently discovered. While engaged in this investigation he 
received a letter from Aliers, the eminent mineralogist at that tijne connected 
with the British Museum, in which it was suggested that it might be worth 
while to emmino cerhyn ufanimtes (varietW of pitch-blende) from which 
Hillebpind 7 had obtained a gas which h$ hud* supposed to be nitrogen. 
Ramsay considered it improbable that nitrogen tcould have been obtained 
__*_ .. ... _ , 

r * t 

1 J/insson, Com ft. rend , 1<368, 67 . 838* «*»/ , , 

2 Franklanrl und Loekyer, I'rof. lion. Xoq, 18G8, 17 , 91. 

8 Lamlauer, Spe.ctrahniahjse (1869 V p. 155* * 

4 Palnueri, llnuliconh R. Accad. di Napoli , 1881, 20 , 233. * 

V Pintti, t.e Ra/h'nyi, 1910, 7 , 142. 

Nasim and Audcilmi. Aiti II. tlh-ad. Lined, 1901, [}<.], 13 , i. 568. 

7 Hillebrand, ball. (J.i S'. Jeol. Huivct/p 1889, No. 78 , 43. 
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from its compound^ By the methods Hillebrand had used, *find thoieforc 
proceeded t?> re-examine clevoite, one <|f the minerals from which the supposed t 
“nitrogen” had been obtained. • 

It was really a most unfoi^unate rlmpter of accidents Thatf prevented 
Hillebrand from making thj discovery of helium. Me*bad t unarmed tho 
presence of nitrogen in the clevoite gas in various ways: (a) the gas when 
sparked with o\yg<tfi gave nitrous fumes, (/>) iparked with hydrogen in 
presence of hydrochloric acid it gave ammonium chloride, tic * identity *of 
which was proved by conversion into ammonium platinichlonde iftid estimation^ 
of platinum m that salt; (c) when subjected to an electrical discharge in a> 
vacuum tube the gas gave a strong nitrogen spectrum. Ihmisay was’ahle to 
eonlinn the acorn ary of these results, as lie found about 12 pci cent, of 
mtiogen in tlie helium from clevoite. 

Hillebrand, writing to Uain.say after the disunion 1 ol helium had been 
announced, explained that he had noticed that m lus experiments the forma¬ 
tion of nitrous filings and ammonia proceeded very slowly, and ^tluft thA 
spectrum contained many lines not attributable to nitrogen. To tbe first 
phenomenon he attached but little significance as be was using only a small 
current. lie was aware that the spectra of gases are* profoundly in linefeed 
by changes <ff pressure, and therefore, though lie and his ussUtanfr jocuhtrly 
suggested that they might he dealing with a new element, the matter was 
allowed to drop, and l^elium remained undiscoveicd for another the ^ears. 
Truly a great discovery narrowly missed i 3 

Ramsay heatedf powdered cleveite with dilute sulphurie acid, spark cy l the 
resulting gas with oxygen over soda, removed excess of oxygen with alkalino 
pyrogallate, washed with water, dned, and transferied to a vacuum tube* 
The light given by the pa sage of oleetneily through this tube was examined 
visually in a sport ros«>p<* ajmigsidc Uiat. from a I'hicker tube containing argon, 
as a comparison. It so happened that this second tube, ouing.lo impurities 
contained in the magnesium electrodes, gjive the speekra of hydrogen and 
nitrogen as well as the argon spectrum. It was at once e\idcnl that the 
** :lWeit.o gas containe<l some argon and hydrogfn, hut it gave also a brilliant line 
in the yellow, nearly, but not quite, coincident witlj the yellow sodium lines. 

The v-j^length of this line was measured by Proves ^ind proved to be 
exactly that of the solar lb IJik*. It thus Jieeamr known tlfcit helium could 
thenceforward be reckoned among the number of lenvslna! elements 1 

This discovery was quickly continued by Olevr- aud*by Lorkyer, who 
prepar'd \ sample of the new gas from broggentc, and identified in its 
spectrum many lines which bad previously been attributed to.holnun. 3 

• Before^ long doubt was cast both on the elementary nature of the gas and 
on its identoty with solar helium. Range and l^ischen showed that the 
•spectrum lilies of helium fell naturally into six series which were related to 
one another in sets of thw*®. In each seM here w r as a Principal Stries com¬ 
posed of strong lines, find two Subordinate Series, consisting of’weaker lines, 
vdnich converged^ to a cnuAnoy limit. The senes sl.ywed general resem¬ 
blances to the series*of lfydrogen, on the one baud, and to tlmt of lithium on 
the other. Moreover, when the gas was al|pwrd to stream through a porous 
pkig into a Pliicker.tfh-t, the light at first was,grccn, the Jine A5016 of 
> > * 

» » > 

* 1 Crookes, I*roc. Roy. Roc., 1895, 58 , 69. 4 

• 2 Clove, Compt. mul 1895, ilo, 83^and 1212. 3 

s *Lockyer, Froc. Roy. !%c., 1895, 58 . 69. 
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the single line group being equal in intensity to 0 8v and then gradually 
became yellow as D g became relatively stronger. 1 This observation was 
confirmed-by Brauner. 2 These investigators therefore concluded that they 
had separated eleveite gas into two components: helium of density 2*2, and 
a lighter^gas' for whrih a name, parhcl ium, \yas actually proposed. This 
view received some support from the fact that helium from different minerals 
showed considerable variations in density (from 2T8t> to 2114), 3 and ny 
diffusion through porous earthenware could be separated into t\yo fractions 
„differing still'more in density. It was even suggested that there might be 
<■' two sizes of molecules in the gas. 4 


The homogeneity of helium was subsequently proved in two ways. 
Travers I * * * 5 * showed that on passf.ng an electrical discharge through helium 
contained in a vacuum tube with platinum electrodes the pressure fell 
steadily, owing to the absorption of the gas by the finely divided platinum 
deposited on the walls of the tube, and that with this fall in pressure the 
'bolouY oj the glow changed from orange-yellow, through bright yellow and 
yellowish-green, to green. At this point the tube was allowed to cool, the 
residual gas was pumped out, and the tube was heated with a flame in order 
to drive out the gas o&cluded in the platinum. According to the hypothesis 
advanced by Bunge and Paschen, this gas should have contained an excess of 
that constituent to which tho yellow line of helium was due, but when the 
discharge was again passed through tho tube it showed exactly the same 
behaviour as*tho original gas. 

Further, ltamsay and Travers 8 conducted an exhaustive fractional 
diffusion of eleveite gas and found that, though it could certainly be 
.•separated into two portions of densities 1079 and 2*245 respectively, the 
lightpr fraction, which possessed all the properties ’attributed to helium, 
was unchanyed by further diffusion, while the heavier portion under this 
treatment gave still heavier fractions which Vo re ultimately shown by 
spectroscopic observation to contain ‘argon. The uncertainty caused by the 
differing densities of ,natural helium, was thus satisfactorily removed and tho 
elementary nature of the new gas demonstrated. 

At one stage of its history the identity of eleveite gas with solar helium 
was alro open to dorbt as the former gave a yellow litie was nil-' 

doubtedly double. 7 while the sqlar line D ;) had not, at that time, been 
resolved. 8 Later,' however, both Huggins 9 and Hale 10 rhowed that the solar 
line was also double. 

During the first year following the discovery of helium—argep being the 
only member of the group then known--its position in the periodic classifi¬ 
cation was matter for much discussion, 1 * and even as late as 1899 Brauner 12 
showed considerable ingenuity in devising reasons for considorii g helium and 


I Rungcand Paschcn, Phil. Mu?., 18A5, [v.], 40 , P.97 

* Brauner, Vhem. Neu-s, 1S96, 74 , 223. 5 Ramsay, Proc. Roy. Soe., 1896, 59 , 325. 

4 Ramsay and Collio. Proc. Roy. Soc , 1896, 60 , 2°6. * 

^Travers, Proc. Roy. Sue., 1897, 60 , 449. 

8 Ramsay and Travers, Proc. Roy. Sue., 1897, 60 , 206 ; 1898, 62 , 316. 

7 Rutige, Nature, 1895, 7 I, 283. 

8 Huggins, Chem. News,\m, 7 t\ 283; Belopolsky, Socictd Spelt. ItaL, i»lay 

1894 “ ' 

9 Huggins, Chem. News, 1895, 72 , 27. 

Hale, Astroiiovu, Nachrichtcn, 1895, 138 , 227. 

II See/ fi.fr ,*Deeley, Chem. News, 1895, 72 , 397 ; Wilde, Phil. Mag., 189^ [v.], 40 , 466. 

13 BraunVr, Ber., 1899, 32 , 708. 
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argon lo bo inert compounds allotropic modifications of Known elements. 
With widei* knowledge of the group.to which helium belongs'it lieemnes, 
however, increasingly probable that die commonly accepted views} as to its 1 
elementary nature and position in the periodic classification an? correct. 

Up to 1003 the work done^on helium consisted ipaltily iu tloe detailed 
examination of its properties,’ hut in that year Ramsay and Soddy 1 made the 
sdhsational discovery* that this gas was a product of the atomic dismtegva 1 
ticni of radium. This discovery will be dealt with imye fullvolater; it 4s 
merely necessary to state here that it has been shown since that helium is 
also produced in the disintegration of other radioactive elements, and that-J 
the atom of helium is identical with the a particle. 

It has been supposed that helium can be produced by the passage of an 
electrical discharge through hydrogen (see Neon, p. 323). Sir .1. J. Thcmison 
has obtained evidence by his positive-ray molhod of the continuous evolution 
of helium from salts by the action of cathode rays.- 

After many fruitless attempts to liquefy helium had been made 
Olzewski 8 and Dewar, 4 that difficult task was accomplished m by 

Onnes. 

Occurrence.—Helium, like many other “ram” elements, is widely 
distributed ii* nature, though in most cases it is found only in siqall quantities. 
It is present in the atmosphere and in sea- and river water , 5 in the gases 
evolved from many mineral springs, and in most of the older rocks and 
minerals. It has been 'detected in at least one sample of meteoric iron; it 
exists, as already * mentioned, in the sun ; and spectroscopic observations 
lead to the conclusion that it is present in many other fixed stars and is 
indeed the chief constituent of the hottest of them . 0 The lines of heliun^ 
are also seen in the spectra of many nebube and novio. 

The presence of liy)jinin the atmosphere was detected spectroscopically 
first by Kayser at Bonn in August 1 805 7 and, soon afterwards, by Fried lander 
at Berlin . 8 Ramsay, using Dewars nu’thod of separation {vide infra), found 
that air contained 0*000056 per cent, by weight and 0 00040 per cent, by 
, vojmne of helium; i.e. about 1 volume <tf hokum in 25(/,000 volumes of air ; 9 
this, however, is obviously a minimum value, and Watson , 10 from an analysis 
of the g**s separated from air by Olaude’s meChod^mfc Neon, i). 325), 
concludes tfiftt the amount is more probably of the ordefaof 1 volume in 
185,000 volumes. # * , w 

Helium has been detected iu the gases evolved frtfm many mineral 
springs. The following is a list of some of the more impoitant:— 

Five springs at Bois (Cauturets ); 11 several springs at WilSbad (Black 

» 

. -- ■ 

I Ramst# and Soddy, Proc. Roy. Ror , 1903, 72 , 204 , 73 , 346. 

2 # Sir J. J. Thomson, Rai/s of Position P.lcducity (LongnAns & Co., 1913), j*. 122; rf 
AlainVy, Nature, 1912, 89 , 502 

3 Olzewski, IVicd. ./f?uift/c?#,*1896, [lii.], 59 , 184; Hull. Arad. Ret. Crarow, 1905, 407 ; 
Alin. Chim. Phys., 1900,4.viii.], if, loll. * * # * 

, 4 Dewar, Trans. Vhcm. £^.,*1898, 73 , S3 3 , Vo nipt, rend., 1904, HQ, 421. See also 
Travers, Scntor, and'Jaquerod, Phil *l'nnr>., 1903, A, 200 , 131. **• 

6 Troost and Quviard, Colhpt. rend., 1895, 121 , 394. 

8 Cockyer, Proc. Roy. Hoc , 1898, 62 , 62. # 

^ Kayser, Ghent. News 9 189/* 72 , 80? • 

8 Friedlander, Zcitseh. p/tysikal. ij/tcvt., 1896, 19 , 657. 

6 Ramsay, Proc. Rjpy. Son., 190. r j, A, 76 3 111 ; 1908, A, 80 , 599. 

10 Watson, Tflans. Ghent. Roc., 1910, 97 , 810. 

II Ramsay andffraveis. Proc. Rov . Roc. , 1896, 6 e, 442 ; Bouchild, Cony\ rend ,1896, 

121, 392. 0 
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t orest); 1 IbyJliiTo (Pyrenees) ; 2 3 Hugnoles do I’Orne f ‘ Monte Jrone (Abano) 
f and Casotlo and Tiui mfihm- (hardojcello, Tuscany); *Mazieres* Cote cTOr, 
and many, other springs; 4 the Hath springs. 5 * 7 

The g;Jsos ‘at Mazieros contain 5 l per ^ont. of helium, and might well 
serve as a r 'soi»ree of thg gas. 

Cady and MacFarlandhave made a minute examination of a large 
fmmberof samples (47) of natural gas from dill’erent localises in Kansas, U.S.X., 
especially \filh refenmee to the amounts of helium contained in them. Some 
t helium was Mound in all hut two samples, and the proportion present, 
< in general, increased with increasing amounts of nitrogen and decreased with 
increase in tin* amount of paraflins. It is possible to trace lines of approxi¬ 
mately eijual content, of hclium^and paraflins, and it is found that these run 
across the Stale from X.K. to S W., and show a general correspondence with 
the lines of outcrop of the various geological strata. In four of the samples 
the amount of helium was over 1 per cent, by volume:— 

<y n O 

f Dexter, (\>wley County, . . . 1 ‘84 per cent. 

Dexter, Green well Well, . . . 1T»4 „ 

» Mureka, New* Field, .... 1T>() „ 


J^ureka, Town Supply, 


l-o0 


It has been found that about 0*17 per cent, hj volume of helium is 
contained in^the inflammable gas which has for mmy years blown frjun a 
hole in the c.irnallilo bed in the underground workings at Leopaldshall 
(Sta.vifurt) ' Similarly, both In limn and argon have lioon found in gas 
blown off from tin* rock-salt at Karlsbad 8 Helium \arvmg m amount from 
"Ol41 per cent, to *001 t per cent occurs m the natural gas<*s of KissarmAs 
(Hungary), IVchelbronn, Weis (Austria), and Neuongamme (Hamburg): 
the gas from a deep well boring in Alsar<" contained O'.’IA per cent of helium. 9 

It has been calculated by Dr .Johnstone Stoney 10 that a gas having the 
low density of helfbm could no' be retained permanently by a planet of 
the earth’s mass; it < coins pioluhlo that the constancy of the proportion of 
helium in the atmosphere is due to a balance between two factors -the RTSs 
of helium into space and. its continual emission from sources such as those 
mentioned It lw s bfen calculated that nine of the mineral ay-togs investi¬ 
gated.give off m f|he aggregate alnut 12,000 litres of the gas annually. 11 

Helium is present, usually alone, but in some cases aC-compaihed by argon, 
in a large number of minerals and rocks, and a eonsideiable body of evidence 
has been accumulated which indicates that its presence is to he asepbed to 
the disintegration of radioactive material that is or has been contained in 


1 Kayscr', Chan. Nan, ]S95, 72 , 89. 

2 Bouchard, foe. at. 

3 Bouchard and Desgiey, ConipL rmd^, 1896, 123 , J*69. # ’ 

4 Mourcu, iiompt. mu/. ,<4895,* 121 , 819; 1901, T 39 , 862 ;< 1900, 142 , 1155; Moureu 

and Biqiuid, ibid., 1900, 143 , 796. , t • , 

Ramsay, Vroe. lhl,. Hoc., 1896, 60 , 66 . See also I’eson.lorfco CLan. Zeit ., 1905, 29 , 
359 ; Prytz ami Triorkclssohn, Ch<‘m. Zentr. t 1905 , (11 ], 1570 ; Ewers, ibid., 1906 , [i.l, 1319. 
0 Cady ai\d M'Earland.'J!. Anicr. 07,-m. Hoc., I9u7, 29 , 1523. 

7 Erdmann K fier., 1910, 43 , 777. • 1 1 

0 Pcsendorfer, Chan, dr it. , 1905, 29 , 3(9. ( 

9 < Czakd, Zntsch. anonj. Chcm., 1913, 82 ,, 249. For helium ii coal mine gases, se 6 
Mourcu and Lquipe, (Jompt. tend., 1914, 158 , 598. '■ 

10 Stoysoy, tihem. Jvcus, 189/), 71 , Vi7. 

11 Mouie«and Biquard, Compt. rend,, 190ff, 146 , 435. 
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these substances, 'fhefe is reason to believe that the heliurtion natural 
gas is mainly “fossil,” and not of recent formation 1 

Tho most important helium minerals are: eK'vito and other species of 
pitch blende, mouazite, fergusmdte, broggonto, saniarskije, thori*nite, and 
euxeiute. 2 Other minerals iii which helium has Jieeff found are: Naogito, 
y tiro tan tali to, annerodite, thalemte, mal.icone, earnotite, beryl, tobernit", 
wolilerite, pymehloils, polyerase, trogenle, \enfttime, # gummi^', thorite- 
orangeite, i.iobite-columlute, sphenu, rutile, and /neon; also in jhe Stassfurt 
minerals, sylvine, earnalhte, kiosente, and rock-salt, in native bismuth 
(Saxony),•* and in beryllium minerals. 1 

The existence of helium in a meteorite (JVom Augusta County, Virginia, 
U.S A.) affords additional evidence in favour of the conclusion that the 
eleimmt is widely distributed throughout our solar system. 1 * * * 
ty-lSfiiation.—The chief available sources of helium are the air, certain 
minerals, and a fe\^ mineral springs. Originally the cheapest wi*y ofi 
preparing helium was, undoubtedly, by heating a suitable nnnfhil, e.g. 
monazito sand or eleveite, either alone or with dilute sulphuric acid. 

Tho apparatus used for the propagation of hclupn according to ibis 
method may J»c of the form depicted in fig. 70. The finely powdered minoTal 
is placed in the iron tube T, winch is heated to redness in a suitable furnace. 
The open end of this tdbe is fitted with a rubber stopper carrying a single 
delivery tube, and the tmall water-jacket W cools the end of f ho tube that 
projects from the tjirnaee and protects the rubber connection from injury, 
'the ovohed gas is freed from water and carbon dioxide by passage over 
solid potash in the vessel 1> and is finally collected in a reservoir It filled, 
with mercury or stioi^ potash solution accoiding as the amount of gas 
dealt with is small or lange^ The tybo 1‘ connects with a Topler pump, and 
the open manometer Al indicates the pressure within the apparatus. 

In earning out an experiment tin* mineral is introduced into the iron 
tube and the whole apparatus is evacuated. On healing the tube a slow 
evolution of gas eoimuen-es and coiit*iiic‘* for man^ hours. When the 
pressure within I In* apparatus beiomes equal to the atmospheric pressure 
the gas is collected m the reservoir It, until ftie evolution practically 
ceases. K is^ihon shut off and the residual gas removed fr#ig the of lift* part 
of the apparatus and transforpod either to lPor to another ntservoir • 

A modification of this method consists in Inciting «tliw mineral in an 
atmosphere of tfirbou dioxide (piepared from magnesite by heating) and 
collecting tbt gas over potash" It is stated that the best results are ob¬ 
tained by beating the mineral to 1000°- 12(K) J ('. in a porcelafti tube. 7 

1 Uzike, lor. at. ; Mniueu ami Lepape. Comp/, mid., 11)12,* 155 , 197 ; 1911, 158 , 839. 

• 2 Ramsay, froc. Hoy Soe,, lol'G, 59 , 329 . Ramsay and Tiaven., ibid , do, 442 . Ramsay, 
Collie, and Travers, Tram. Chenf Sot -, 1899, 67 , (589 ; Olzowsku Ball. Acad. Sci. Cracow. 
1905, p 407. . * 4 * . 

’ Bordus, Compf, rend., 1908. 14 *, 89(5; Waters, Phil. Mag., 190'. 1 , [vi.]. 18 , 077, 19 , 903 ; 
Thomsen, Zntsrh. phij.siJgil. Chan , 1^98, 25 112 ; Benedicks. JpiU. (hoi. Inst? 1/g.iv. 
Upsa'a, 1899, 4 , 1 ; Lange, Zfttseh. Naturinss., 1910, 82 , 1 , IVdienuk* J. Itici. Chein. 
Soc., 18$7, 29 , 291; Kitclnn and Wmterson, Tran$ Client. Soft, 1906, 89 , 1570; Strutt, 
Pror^ Roy. Soc.., 1908, A §1*2*8; Il«>£ley, Phil. Mag., 1909, [vi.J, 18 , OJJ; l’iutti, Le 
Radium, 1910, 7 , 1 1(5. * * • • A 

4 1’iutti, Atti It. Acgid. Lined, 1913, fv ]* 22 , i., 140. • 

6 Ramsay, CompP. tend., 1895, 120 , 1019’; tor an analysis of this meteorite, se% Maljet 
Aner, J. Sci., 187l,*[iii.J, 2 , 10. 

0 Langlct, ZAtsch. anyrg. Chem., 1895, id? €89. 

7 Sieverts and Bergner, Her., J912, 45 , 2576 • 
vol. r. 
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Auothuc method which is more expeditious &nd*gines a better yield is 

to heat the mineral with about its own weight of acid potassium sulphate 
in a hard glas? tube. The mixture is very liable to froth, and the tube 
should nqt be morq> than half full. 

Most minerals give the largest yield of lie 1 ’urn when boiled with dilute 
sfdphuric acid. This operation is best carried out in a round flask of hard 
glass, fitted as in tig. 80.- The rubber stopper It fits some way into the 
conical neck ,so that a layer of mercury oil the top makes all joints tight. 
The uppor end of the condenser 0 can be connected at will either with a 
reservoir for the evolved gas or with a Topler pump. 

In performing an experiment the flask and the contained mineral (which 
mustvbe finely powdered) are freed from air by introducing successive small 
quantities of waj^pr through the funnel F and pumping away the water- 





Fig. 79. 


vapour. Dilute sulphuric arid (1 : 8), which has been boiled just previously 
to expel air, etc., is then run in and boiled with the mineral for about, 30 
minutes. When the gas evolved at atmospheric pressure has ocen collected, 
the reservoir is shut off and the residual gas removed from the rest of the 
apparatus through the pump,;iiid,transferred,,to tlie reservoir. 

As 100 grams of c/eveite will give over t 500 df.c. of gas and can be 
obtained for abouxt, 10s., the cost of preparation of crude helium by this 
method works out at about .£1 per litre. Other "minerals available for the 
preparation of holiuni’ t>y this method (if. which jield from 1*0 to r5c.c. 
or more of gas pe?’ g.am) arc fergusonite, sairarskitc, and monazioC: 
monazito sand was used by On ties'* as, the source of the large quantities of 
helium..required for his researches upon its liquefaction. 

t Ramsay and Travers, Proc. fifty. Soc 1896, (So, 442 ; 1897, 62 , 325. 



HELJUM. 


305 


.vciwiiu ui one natural sources of helium mentioned above yi«I<j the gas in 
sufficient qu?intity to afford a useful supply of it. The chief of these are the 
springs of Bath and Maziercs, the Tini tojjivui at Laruerello, apt! the natural 
gas wells of Dexter. Tho device illustrated in fig. HI lias been used by Bamsay 
in collecting the gas from mineral springs. The tin ve*sef V is provided with 
tans above and below (B, 0), and both ft and the tfibc A arc fust completely 
filled with water. Oji bringing the funnel attached to the tube A out the 
stream of gas rising through the water, and opening the taps B*and C, tBe 
gas passes into V, while the displaced water flows hark into the well. 
When gas is seen to issue from the lower end of C tho vessel is known to bo 
full, and the taps are closed. 

yj^^An excellent method of obtaining heliufti, which would probably .prove 
comparatively inexpensive where the necessary plant is ^available, is that 



devised by Claude. The apparatus used is described in detail under Noon 
(p. 225), and consists essentially of a modification of the column used for the 
isolation ot pure oxygen and nitrogen by the fractionation of ■liquid air, 
whofeby the most volatile gases are collected apart. 

The fact that helium if a product of # thepadio-aptive disintegration of 
certain elements need only be mentioned here : the point will be dealt with 
more fully under Niton (pf 3!?5) J# and under Radium, Voi. JII. The identity 
of tho helium atom wfith t4ie a-partieles given off during radioactive cl»uge 
may b6 regarded as well established, as Rutherford has shown that if any 
charged particles other#tpa;* heliuftt atoms t»ro givep off, their sfimber does 
not exceed 1/10,000 of the numlfer of helftim atoms. 1 * m 

Purification. --On account of its* great volatility at verv low temnera- 

1 Rutherford*, Phil Slug., 1914. [vi.J, 27 ,*4^8 ; cf. Nicholson, ibu ^, 1911, [fi.J, 22 , 864. 
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tares, heliunn is more easily purified than any othe/ number of the group. 
The usual procedure is to remove nHtrogen and hydrogen, if present, by 
passing the ctyide helium over a heated mi.\ture of quicklime and magnesium 
filings, 1 a yd then oyer red-hot copper oxide., In the case of gas from cleveite 
or monazite, Svhich contains no appreciable amount of other inert gases, the 
residue from this operation is already fairly pure helium. Should the gas 
' contain arum, as. when obtained from 

' . r Dor-~ mineral spriuiih, it is necessary cool it to 

< -— -a low temperature by means or liquid air 

boiling under reduced pressure: any nitro¬ 
gen or argon present is liquefied, and helium 
ran be pumped off. Neon, if present, can 
be removed by cooling the gas with liquid 
hydrogen. At this temperature all gases 
are liquefiod except helium. 

The best method'for the purification of 
helium, however, depends on tho fact, dis¬ 
covered by Dewar, a that cocoanut charcoal 
at the temperature of liquid air completely 
absorbs all gases except helium. A suitable 
form of apparatus * is indicated in fig. b2. 
The mixed gases are introduced intp the 
apparatus from a gas-holder, allowed to 
remain in contact with the cold charcoal 
for half an hour, and the pure helium is 
filially removed through a Topler pump 
and collected in another gas-holder. 

A n'im estimation of the relative degrees 
of absorption of helium, neon, hydrogen, and nitrogen by coeoa-nnt charcoal 


I 

I 



Km. 82. 


-- -1 

Nitrogen at 

i Ifydiogon at 

Neon at j 

Helium at* 

- 182 -5 C. 

. - 19 

V-5 (,. 

- 195 

-M'. 

-19. 


A. 

15* 

A. 

* 13. 

A. 

i 

y 

13 

EM5 

0 004 

10-5 

0-0O60 

10 5 

n 

91 

** -‘27 

1,870 

*0 010 

21 

0-0115 

21 

0-88 | 



3,740 

0-032 

42 

0-0205 

32 

1 •:«) 


V 

4,66o ■ 

0-083 

84 

0*0360 

4 2 

1 71 



f.,600 

0 385 

" 205 

0-0830 

84 

3 50 : 



6,530 

1-107 

371 

0-176 

122 

5 8,0 j 



8,400 

. 8*75 

, 810 ,, 

, 0-475 

1(5.4 • 

7 20 



9,3(0 

11 -50 

1400 

1 060 

244 

’.1 30 • 



10,300 

.Vi--20 

2800 

3-50 

VJ, , 

15-50 


• e 

U 2I?« 

90-0" » 

4-200 

8-70 

•mn 

IP 40* 

... 

• • 

12,TOO 

247 0 

5600 

-.0*60 

iil8 c 

30 50 



... 

• 

- 

' 6300 

i 43-70 f 

801 
«. * 

■10 50 




1 Mii'jucivne’s method, sf j p. 331. 

4 Dewar, Pioc. Hoy. Sue., 1904, 74 , 122and'i27. 
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at tow temperature^ hats been made by Claude. 1 The results* are given in 
the preceding table, where the ooliuf 11 s A give* the volume in c.c. of gas 4 
absorbed by 100 gm. of charcoal, while the column - 11 give the corresponding 
gas pressure in mm of mercury." # # 

Leduc states that the absorption of helium in ehS.rco.il foflows Henry’s 
law, and in this respect, therefore, it differs from other gases.- 

From a consideration of Claude’s figures it \Till evident that while 
the method can give a shaip separation of helium from hydrogen and 
nitrogen and is, consequently, excellent for the purification of holium # 
from minerals, it can only separate helium and neon if used as a*method 
of fractionation. 

Small amounts of helium in a vacuum Tube may he purified by tubing 
advantage of the fact that the finely dmded platinum deposited upon the 
walls of the tube by the prolonged passage of a discharge can absorb helium 
in considerable amount. ,f Nitrogen, argon, etc., remain unahsorhed, an(J mu£ 
be pumped out of the tube, while the helium can then he driven offfc* of the 
platinum deposit by heating the lube with a free flame. 1 

Jaquerod and Perrot r> noticed that at a temperature of 1100 0. fpsed 

quartz is peianeable to helium and hydrogen, but, not to other gases, and upon 

• • • 



this fact they based*;i ^luthod for#the purification of helium.® Fig. 83 is a 
diagram of their apparatus* The quartz hull* II is enclosed wjlhm a wide 
platinum tube A into which the impute helium, mixed with f) per cent, of 
oxygen, is introduced at a pressure slightly over 1 atmosphere. The interior 
of .the bill b having been e\acuated, the <*entml part of The platinum tube is 
heated to the proper temperature, and the helium which ditluses into the 
bulb is penned a#\ay into a lesenoir.' The method slow, but is stated to 
give a very pure product. Apparently the success of the experiment depends 
on the selection of ^ suitable sample of*quartz for thf hull), as Watson 
attempted to use the method for the purification X>f helmfti, hut found that 
the quartz of his apparatus would not allow the passage of more^than traces 
of helium at the temperatures employed. 

•Properties. —Helium is a colourless gas, and possesses neither taste nor 
odour. 8 * o , • 

• The density of helium has been determined by many investigators; the 
more important results aryCnbulated below 8 :— 
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( Ohjiwii. \ 

IVeitjht of Normal 

- -- '—e 

h 

/ Oxygon. \ 

“ ' , ^ 
1Ve.it/hf. of Normal 

Density V = 16, /. 

Litre. 

Density \ -16 /. 

Litre. 

" 2 '01 1 

0T795 gram 

t 

1 -99 " 

O’] 775 gimn. • 

1 '979 2 * 4 * 

0-177 „ 

2 -04 8 e 

0 182 

1'9S» 

' 0-177 ,, 

2 '02 0 

O'lSIfc „ 

l'98f,‘. 

0-1773 „ 

2 01 6 7 

0'179 

2 -00' 

0-1785 „ 

1 995’ 

0'1782 „ 



1'999 8 

0-17856 „ 


Theso figures agree very well, and it is probable that the last two results 
are very close approximations to the true value. 

A study of the relation between the pressure and volume of the gas has 
shown tlpit at 0° with pressures varying from 147 mm. td 838 mm. of mercury 
the product pv is absolutely constant, i.e the compressibility coefficient is 
zero . 9 10 Jaquerod and Scheuer give the compressibility coefficient at 0° as 
-Q‘d 00 (i 0 between pressures of 400 and 800 mm. of mercury . 19 

In this respect, therefore, helium behaves as it might be expected to do 
were its critical temperature much higher than it qptually is. It may be 
noted in this connection that when helium and hydrogen are mixed the 
volume of the^nixturc is greater than the sum of the original volumes. The 
pv isethermals for helium have been determined over wide' ranges of tempera- 
turo and pressure by Onnes . 11 

The molecular weight of helium, calculated from House’s value for the 
density according to Berthelot’s method of limiting densities (see this Vol., 
Part I., p. 133), is 4 m ’ " ' * 

As an example of the extreme lightness of helium it has been observed 
that by passing a stream of pure carbon dioxide through a porous tube 
sufficient helium diffuses in from the atmosphere to be detected spectro¬ 
scopically after absorption of U 16 carnon dioxide by caustic potash . 12 ' 
The coefficient of increase of pressure at constant volume is perfectly 
normal ,, 13 14 and at temperatures from 0° to 100“ C. has the* vah\g 0-0036616. 
This value is independent of the original pressure . 11 

It was early discovered that helium does not obey Graham’s Liw of diffusion 


1 Lauglet, Comfit, rend., 189ft, 120 , 1*21 a. /Vote--It seems nnpioU.blo the 

methods used l»y hanglct for tin* sepaiation of In hum fiom the mule cleveitc gas could have 
given him a pure product, and the accuracy of his figure, is most likely due to a balau ing 
of errors. , , 

2 Ramsay and Travers, P.oe Hoy. Sot'., 1898, 62 , 310. , 

8 Ramsay and Travels, Phil. Trans., 1901, 197 , 47. f 

4 Schierloh, cf. reference (2). ( , 

c Olzewski, Ann. Physik, ,1905, pv.], 17 , 997. 

e Onnes, Comm. Phys. Lab. Leyden, 1908, No. 108 . r 

7 .Watson, Trans. GNoi. Sot 1910, 97. 310. 

8 Meuse, Bee. Tieut. physikal. Ges. t 1913, 15 , 518. 

B Burt, Trans. Faraday S<k , 1910, 6 19. 

10 Jaquerou and Scheuer, Mem. Soc. phys nah, 'j908, 35 

11 Onnes, Proe. K. Ah id iVetmseh. Ah sterdam, 1907, IO, 445, 741 ; Comm. Phys. Lab. 
Leyden, 1907, No. 102. IIolborn and Sehultze Ann. Physik t 1915, {iv.1, 47 , 1089. 

12 Rayleigh, Phil. Mag., 1901, [vi.j, 1 , 100. 

U fKuel.enn id Randall, Proc. Roy. Soc., 1895, 59 , GO. 

14 Onnes, Proc. K. Akad. PVetensch. AvviCrdam, 1907, IO, 589; Travers, Senter, and 
Jaquerod, Proc, Roy. Soc. } 1902, 70 , 484. 
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vi aus, oitf passes fhrtfugh a porous diaphragm more slowly than, is expressed 
by the law. 1 Dorman observed lat^r that the* rate of effusion of helium, 
through a small hole in a platinum plate was slower than oue would expect 
from calculations based on the* density, and suggested # that th^anomaly is 
probably due to the fact that at ordinary temperature? helium,like hydrogen, 
undergoes a rise in temperature on free expansion through a small orifify* a 
(Joule-Thomson effect). All other known gases, will) the gxccptimnrf hydrogen, 
diffuse moro rapidly than is required by caleulations based on the assumptions 
of the kinetic gas theory. • 

The solubility of helium in water was first determined by Kstreichei, 3 who 
found the following values for the absorpi ion coefficient * 0 01487 at 0‘d°, and 
0*01404 at 50°, with a minimum at 25", The experimental procedure adopted, 
however, has since been shown to bo untrustworthy 1 Mojo importance must 
be attached to the values obtained by Antropoff/’ who found for the absorp¬ 
tion coefficient the v#lue 0*01^1 at 0°, and 0 0226 at 50°, with a minimugi 
at 10°. The existence of a minimum has its counterpart in the casff *of other 
inert gases and of hydrogen. Helium is insoluble in absolute alcohol 
and benzene 6 • 

The vistyxity of helium was first determined by Rayleigh by measuroitiont 
of the rate of How of the gas through a capillary tube. IPe obtained *tho 
value 0 96 (air= 1). filter, Sebult'/e repealed this delermmation, and found 
the*viseosity of helium»at lb'’ to be 1 086 times that of air.' * 

Rankine has Recently redetermined this constant, using an apparatus 
which may be described here, as it is particularly well adapted for use with 
very small amounts of gas, and therefore finds application in investigations on 
the rare gases. It consists of a tube in the form of an elongated O, one side 
of which, A (fig. 84), i* very fine capillary tube, while the other side, B, 
though much wider* is sufficiently narrow to allow a pellet of mercury, 0, to 
remain intact. The driving pressure Required to force the ga<? through the 
capillary is supplied by the weight of this pellet of mercury. Taps l> and E 
allow the apparatus to be cleaned, evaauat^d, and filial with the gas under 
examination. 8 

The results obtained with this apparatus confirmed Scliult/o’s figure. 0 
Therefore, ‘Vaking the absolute value for the viscosity# oi air at* 15 ‘5 as 
1-80.3 x 10 4 (!.<4.S. unks, 10 it follow* that the absolute value, of the 
’viscosity o? helium lit 15° is 1 ‘958 x 10 1 0.(J.S! i*nits, wlitrh is in fair agree¬ 
ment with tho"figure l-969 x 10 4 at 15°*3 found experimentally by Tanzler. 11 

*T>lnzlef also found ?/ = 2*348 x 10 4 at 99**(> and »/-- 2 699 x 14) 1 at 184°*6. 
Assuming 12 that the change of viscosity follows a linear law of the type 

y* - »/o( 1 + Wi 


> Ramsay and Collie, Pro».*lioy. Soc ., 189(5, 6 o, 206; continued by Hagenbach, fVied. 
nnn/en, 1897, [lii.], 6 tv, 124. * 

2 Donnan, Phil. May., Ifty 0 ,.[v I. 49 , 42». 

3 Estreieher, Zcfttsck. phusikal. Une.m., 1899, 31 , 176. 

4 Fox, Trans. Faraday Soc , 1909, 5 , 68 . 

8 Antropoff, Proc. Roy. Soc., 1910, A, 83 , 471 # 

6 Ramsay, Ann. Ch. 119 ,. 'Phfs., 189$, [vn 1, 13 , <)62. 

7 Schultze, Ann. Physik, 1901, [iv.j, 6 , 30^ 

8 Ranking Pmc. tRoy. Sort, 1910, A, Bft, 265. 

9 Rankino. iMd., p. 516. 10 Ri‘»nw..., *». —... 

11 Tanzler. Bfr deut physikal. Oes., 1906, 4 , 2*2 .SV also 'fo-rl, A*» t Mysiftmi, 
[iv.], 43 , 123o; Onne%and Weber, Proc. ft* Akad. iPetSwh. Amsterdam, ^9! 3 , 15 , 1396, 
1899. (bile, Ann. Physik , 1915, liv.J. 48 , 7W. 

12 Rankine, Proc. Roy. Soc., 1910,^A, 84 , 181. 
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where ??<, and q 0 are the values of the viscosity at 0 °'and 0° respectively, «.ne 
value of the temperature coefficient /i Wr helium is 2*32 x 10™ 3 . 

The thermal, conductivity of a gas, according to the kinetic gas theory, is 
given by If in the equation , 

K=/Vt, f 

where yj and c c are the viscosity and the specific heat/at constant volume 
respectively, and t io a constant. For helium the value of K 0° C. is 
0*00003386, 1 'from which it follows that /= 2*507 - a value which is in 
Ticcordaqce with Boltzmann’s development of Maxwell's theory, and therefore 



,Fm. <S4. 


affords evidence oi the molecular simplicity of the gas 2 The thermal 
conductivity,at low pressures shows unexplained anomalies. 3 tl 4 t 
The refrnclivity of helium was first determined by Rayleigh. 4 
The method used consisted in passing parallel beams of light from the 
same source through similar tubes containing helium and air < espectively. 
The pressure of gas in these tubes was varied until a point was reached at 
which the retardation of light, as determined by do ,ervation of interference 
bands, was the'same in both tftbes.*’ The ratio of the icfractivities is then 
inversely, as the ratio of the pressures in the, tubes’ and, the refractivity of 
air b6iug known,-, thaVof helium may readily be calculated. 

Rayleigh’s figure was inaccurate, but Ramsay and Travel’s subsequently 


1 Sghwarze, Ann. Physik , 1903, [iv.], n, 303. - lA , 

2 See also Wachsmutli, Phymkal. Zntsch,, 1908, 9 , 235; and V T inklcr Zeitsch. 
physikzl. Cfoem.^ 1906, 55, 344, 

3 Soddj ana lierry, Proc. Roy v Roc., 1911. ^ 1 . 85 , 81. 

4 Rayleigh', Proc. Roy. Roc , 1896, 59, 205 
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I 

repeated the mcaswiennmts, and found the refractivitvof - 1) to he # 

O’1238 times that of air. This drives lor helfum ?he value 1 

1*00003(51. 

r 9 

The above method or ^>me modification of it IfAs lieen tised by other 
observers, tin* eiiiel of whose results aie tabulated*U*lov, ** 



truce L>'ii<ith. 

H'Pn tr/iu hi A > • fi). 


Of 

Visible sped mm (14 J ) 

. 1 OOOO’flO 


1 

'i)4 08 ... 

. 1 0000:14000 a 


1 

r. 700 , 5700, (N TP) . 

. 1 •0111)0 51 {''I 


■ 1 

540] 

1-0000:51525 


1 

4.550 ,, * 

. 1 onoo:;;i :;i 5 , 


(3)* 

(Hj) „ . . 

1 • 000 . 1:500 


It lias lieen 

the custom to express the 1 

iTiartiu* index of a gas 

by an 

equation of the type*— 

* • * 

• 


"( , + r) 


(0 

which may he w ritten : 

* • 

• 



A l> 

,- a + a; 

• » 

■ ‘(ii.) 


•Hie values of the constants in these equations for helium ate as follows : — 

«. h A. It. 

(I) 5 -00011-547 8 2*l!xlo 11 1 *00008 17« 7 *5 x 10 111 

(ft) 6 •0uyo.{47 2-t . 10- ,l 


(J. and l\l. (Jutld)(#*tsf)ii profei* to employ an eiju.ition of the Sdlmeier 
type• 

V 'j- 

w fie re i)„ is the (j^iii'miy ef the free vibration ami »; is the fivnuency of the 
light for which ^ is to be calculated. 7 * # 

• l*or helffim at N.T.I\ the constants in this equation arl^: — * 

• (-* 2-121*7<; x 1 ()"’ : Vo “* - ;’> 1 !)<>y 7 xio* 4 

The fhs/terslon of helium is e^tiemely small, as may he seen by the small¬ 
ness (rf thoconstant h in equation (i.) above, as compared with it.? value m the 
ease of hydrogen or argon (/f.-l-.'lxlO 11 for hydrogen, and f> — frii x 10 ~ 11 
foT argon}. This is perhaps clearer if we express relative dispersion by the 
formula-*- • 

.• 1 /»! — 1*11 


, » 

1 Ramsay ami Tiav?*rs, Ikroc. Boif Sm: t 1901, 67 . -t-tl 

2 Kchoel and Schmidt, Bet. dad, /ilupilal. OV?., 1908% £l 207 . method given, ibid. 

1907, 5 . *4. .. . • ‘ V 

J Hermann, ibid., I'ifl8f6, *11. • 

4 Burton, Vroc Hoy, Soc , J908, 5 \., 80 , 300? * 

5 Burton, Inc. 4 ,it * 

® C. Cuthbertyon and Metcalfe, I'me. Boy. S<>c., t 1908 , A, 80 , 41. 

7 C. and . 4 . ('uthl)ertson, Proc Hoi/. ,SV#r 1910, A. 8j* 154. 

8 0. and M. CuthbA’lson, ibid., 1910, A, fy, 15. 




Air = 9-8'0 
Hydrogen = 65-9 
Helium = 39'9 


i; ; ; The specific inductive capacity of helium has been determined by the 
’electrostatic null-method of Hopkirison and Lebedeff, and has the '.wluo 

K = 1 '00007 4 

'*t 0* and 760 mm. 1 According to Maxwell’s haw, K should be equal to (p K ) 2 > 
"where is the refractive index for radiatious of large wave-length. Extra- 
.polating from the values for the refractive index for light of various wave¬ 
lengths within the range of the visible spectrum, we find *= 1'0000375, 

“yhencj (p M ) 8 = 1 -000075, 

a value which agrees well with that given abovo for K. 8 Bouty states 
that the dielectric cohesion s of helium at 17° is represented by the number 
18'3 (A = 38; air = 419; H 2 = 205). 4 In this connection the extraordinary 
length of the spark gap iu helium may be mentioned. By experiments made 
With a vacuum tube of which one electrodo was movable, it was found that 
under a certain fixed set of conditions as to potential deference, pressure, etc., 
the following lengths of spark were obtainable in helium, and in certain 
other gases:— 


Oxygen.23'0 mm. 

Air'. 330 „ 

Hydrogen. 390 „ 

Argon. . 4fr5 „ 

Helium. 250-300 mm. 5 


If V H , and V llt are the sparking potentials in helium and air respectively, 
then the ratio V,„/V„, r is found to diminish with increase of sparking distance 
{$) and with increase of pre sure (P), while other gases compared with air show 
ui incre r .se of sparking potential with increase in S and P. When V is plotted 
vgainst S, helium gives straight lin-s, while other gases give curves concave to 
;he axis of 3. 8 Tim minimum spark potential in helium .s 184 voits, and the 
Xjrresponding pressure is 2'4 mm. 7 

, ‘ The tpech-um of helium is complex, and was found by Bunge and P-.schen 
,W> contain six series of Hues. These fall naturally into two groups in each 

g 1 Hochheim, Ber. dcut. ph'jsikal. Oea., 1908, 6 , 448. 

' w . 8 Dobroscrdoff, J. Russ. Phya. O/icrrt. Soc ., 1909, 41 , 1164. 

/ 1 -When a gas, at pressure p cms. of mercury, is enclosed'in a suitable insulating vessel 
’*nd exposed to the influence of a gradually increasing eioc-rostatio field of force, it is found 1 
;«u>tw nen the strength of the’ fie’d reaches a certain valpe, j/ voits per ctn. say, the gas , 
j»ddenlv-hecoraes a con'h’otor of electricity. At cono&nt temnaratjure it is found that if 
thtekness of the .gas layer and the value of pato not too small, > 

\ \ _ k, " v=a + bp, ' 

tynere A and b s re constants Tho coefficient b is ci.lled th« dielectric cohesion of the gas,,,;' 
’&nd is inversely ^proportional to the absolute temperature. * ... - 

^V.,' 4 £onty, Compl, rend., 1907, 145, *225 ; Anp, Chvrn. Pbjs., 19H, [viiij- 23 , 5 ;i 

fV* 9ollie,and 1 .Rarasay 1 Proc. Roy. Soc., 189.5, 59 , 257 ; cf. Nattarer, Wisd. 

$|W, p. 6&3. * 06 Ritter Ann. Physik , 1904, [iv.Vli, ll|» 

^Witeon, Proc, Car,ib. Phil. Soc., 1918, r*j, 90, ..[0 













5 ^^f%Whfph we have a Principal Senes and two Subordinate^yfes 
■^tex^e toward a common limit. 1 t * 1 \\ 

One of these groups consists of doublet series, and 'the f doublet Vf# :$)$& 
wMoh helium was discovered, is, the first in the Principal Series* It is th# ; | 
linos of this group which characterise the solar spoctrgm # oT holiufn, and 4>h»| 
spectrum obtained in a vacuum tube under moderately low pressures. 

. The chief line of /he Principal Single Line Sorias is A5016, in the green, $)&$ 
is prominont in the spectrum of helium under very low ^pressure* Gener*^iy| 
all the lines of helium are visible in the spectrum under any Auditions; b'«4$ 
the relative intensity of the two groups characterised by I) s and t-“018 T&! r 
spectively can undergo great changes, so that the light emitted by a yaouttt^ 
tube exhibits the following alterations as th# pressure is reduced fl :— ’ 4 

1. Orange yellow. 4. Green. , 

2. Bright yellow. 5. Green X-ray vacuum. - 

3. Yellowish green. 6. Black vacuum. 

Lists of the series lines of the spectrum arc given below 4 :— 


FIRST GROUP. 


Principal 


Diffuse 

Sharp 

Principal 

Diffuse * 

Series. 

Series.* 

Series. 

Series. 

Series. 






A = 3888*97 


4=5876-21 \ 

\ = 70C5-77 


A = 2723 *3 

A =■3034*52 1 

3888*76 


5875*88 j 

7065*51 


2096*5 

3434*39 / 

3187*98 


4471*85 1 

4713*39 


2677-1 

3587*54 1 

3187*83 


4471 56 [ 

4713 17 



3587*42 J 

2945*351 


402C*5‘.> \ 

4121*15 



3554*5 

2945*22 


4025 - 3 * /• 

4120*$8 



3530*6 

2829'32 


3819*89 1 

. 3867-77 



3512*6 . 

2829-16 


3819-75 J 

3867 61 

. 


3498*7 

2704 01 


3705*29 1 

3733*15 


• 

3487*8 

2763*91 


3705*15 j 

3733*01 


» * 

*3479*2 

• 


SECOND 

GROUP. 

• 

•. 

• 

Principal 

Di//%se 

Sharp 

Principal* 

0 

Diffuse 

Series. 

• 

• Sei ics 

Scries. 

Series. 

Series. 

* 

»=5015 73 

A = 6678*1 

A = 7281*8 

A = 3354 7 


8965-68 . 

4922*08 

5047*82 

3296 9 


• . 3964*84 ' 

4388*11 

4437*73 

3258*3 


3613*89 

• 

4143*91 

„ 4109*12 

3231*3 


3613-78 

• 

* 4024*14 

t 3213*4 

• • 

3447*7£ 

• 

• 

» 

r * 3936*1 

• 

• 

_L* 


Sharp 

Series. 


A=365fi*29 
8652*15 
3599*59 
3599*45 
8568*26 
3563*11 
3536*9 
3517*5 
8502*5 
3490*8 
3481*5 


Sharp 

Series. 


A=3878'S 

8838*2, 
3808*8 ; 


* fitter. Ann. Phvsik . 1904. fiv.l, 14. 118. 



***,„„*, «.««*. — , __ Chem. NAm, 1895, 72 , 37 1 

■ r3 ittmdsber. J.ka%. Wiss. Berlin, 1895, p. 947 ; Eversheim, Zeitseh. wise. , I'hofaki 
V. 5910,4148 : Collie, Proe fr y. Soc 1902, 71 , 25. # For a baud spectrum 
'M helium, W-Goldstein, Ber. dent, 'phytikal. 19 J 8 »* I 5’ 4°2 ; Curtis, Pm 
% A, 8 ft U 6 , FoW, 1915, A, $ 1 , 208. Nicholson, M., p. 431 > „> 
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The infra-r&l*spectrum of helium has been investigate*! by Prwschen . 1 9 

A series’ o # f lines observed Pickering in the spectrum of the star £ 
'■Pttppis, and ascribed for many years to hydrogen, lias been shown to belong to 
the speetrnpi ot'helium by Fowler, who "has jjlso observed now linos in this 
series; and*Ftyvler Ka^observed still another series in the helium spectrum, 
beginning with the well-kn&wn solar line A 1 (»St> , 

' Collie a observed that i*i the presence of mercury ^ Pluckcr tube con¬ 
taining helium showfd the full spectrum in the capillary porti^i, but in 
other parts of the tube gave a spectrum modified in a way which corresponded 
to the clyuigo produced l>v change of pressure He suggests that a helium 
mercury tube containing a trace of hydrogen would form a useful spectro¬ 
scopic standard as it gives a member of brilliant lines fairly evenly spaced 
throughout the visible spectrum . 4 

The Doppler infect is the change in wave-length of light wave due to 
relative motion in the line of sight of the light source and the observer. 

K a scarce of light is approaching an observer with velocity v , the change 
in wave-length (<l\) is given by 

t/A/A - rlc 

* « 

where c ii tho velocity of light, the wave-length being diminished; and 
vice verm for a receding source, lintil 1005, observations of this effect were 
limited to astronomical woMc on spectra, but m that ^year Stark discovyed 
that the !><>[)pl€r effect could be observed with the spectra of the “positive 
rays” or “Kanalstrahlen ” of gases . 5 The discovery is an important one, as 
it promises to throw considerable light upon the question of the origin of 
series in sjiectra/' Tho Doppler effect has been observed for certain lines 
in the spectrum of helium 7 . 

The light of a vacuum tube containing helium®iff easily affected by 
electrical waves, and this fact forms tho basis of a suggested method for 
their detection 8 * 

The Zeeman effect ^for helium has been observed by Lolitnann . 9 When 
tho glowing gas is placed in a nugnetic field and the light issuing at riglU 
angles to the lines of forces examined with an echelon diffraction grating, it 
is found Jhat all tl^c lines become triplets and that the fraction .v/A a , whom 
x is the distance*between the outride lines of n, triplet and A is the mean 
wave-length, is the^Vme for 9 aU lines. Measurements iniGlt* with Howland* 
grating give similar results 10 The simplest development of Imrent/’s theory 
of the Zoem;yi effect leads to the anticipation that xj A 2 should bu the. same 

} I’asehen, ,4)i7i. Phystk, 1910. fiv. j, 33 , 717. ; 

2 Picketing, Asttophys. ./.f 189(5, 4 , 3h9 ; 1897, >>> 92; Fowlei, Mnutkly-Notices, # „ -sa 

Astronom. Soc., 1912, 73. 62, Mature, 1913, 23rd October p. 232 ■•Phil. Trans., 1914, 
A, 214 ; Rohr, Pp.il. Maif., *91 |vl], 2 $, 1, 176, 857 0 ; *9 Pi, [vi ], 27 , 506 . 1915, [vi.], 

30 , 394. Evans, ibid. , 1915, [v^J, 29 , 281 St.uk, Bee. deut. phystkul. ties., J®»;4, 16 , 468. 
Stark and Wendt, Ann. Physik, V/14, fiv.], 43 , 983. c e r 

3 (V'llic* loe. eit. * f 4 See also E veraljei m Sac,!cii. 

6 StaTk, Physikat Zedsch., 1905, 6 , 892; Ami. Physik , 1D06, qiv.J, 21 , 451; Stark, 
Fischer, and Kirschbaurn, i/af/., # 1913, (ivi), 40 , 499 ^ 42 , 241. 

6 For summ&ty, see Sir J .) t Thomsioi. Rays of PnsiticS’Eftyfrieihi (Longmans & Co!, 
1913); for lefeieneesto 19V5, see Fuhdter, Jitthrb R'ldi&akliv.^ Elrkimmk. , 1913, 10 , 82. 

7 F<f;details, see Dorn, Vhymbd. Ztitsrh., 190T, 8 , 589 ; Stark, Fisctier^md Kirschhauin, 

loc. cit . Koch, Ann. Vhysik . 1905, [iv. ], 48 , 98. ( 

8 lf#rn J# An^ •/ , /q/.yt£,*J905, [iy. |, i6, f 784 ■ , 1 

u Lolimannf Zeitsch. Wiss. Photochcm. , 1908*0, 1 and 41 ; Physical. Zeitsch ., 1908, 9 ,145. 

ui p urvWj proe. (Jamb. Phil. Hoc,, 1 1909, i£, 45. , • ' , 
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fo%all the li»es of a#spcytrum and the above experimental results therefore 
indicate that the helium molecule 9 has i# very si. lple structure. This 
conclusion receives support from the fact that meiomy vapour, which is* 
known on quite other grounds # to he monatomic, shows precisely the same 
relationship. 1 - - • 

, Helium is diamagnetic. 2 

' Experiments on tyo absorption of cathode rat/s i^i helium and in oilier gaseS 
have showt* that with all gases the absorption inoioasct to a maximum with 
decreasing velocity of the rays. In the case of hydrogen (phis maximum 
occurs with much lower veloeities and is attained more si id ienly thjp. in thtf 
case of other gases, and helium exhibits the peculiar behaviour of hydr >gen, 
but in a much exaggerated form • the absolution curve rises but slowly down 
to very small velocities of the rays and then rises very abruptly to a 
maximum. 3 * 

Numerous experiments have been made to find the ratio of the two specific 
heats (at constant pressure and constant volume). Tins (letermijiafrion A 
important, because from theoretical considerations and from measurements on 
the monatomic vapour of mercury, we believe that in any monatomic gas the 
value of the ratio 0,,/Cy should be I •(>07. 1 * * ^ 

One of the most convenient me!hods for determining, Ihiy quantity 
depends on the relation between the ratio of liie specific heats (y) and the 
velocity of sound in the gas. 

The velocity v of tno propagation of sound waves in an elastic medium, 
according to Ne.wfon’s formula, is: , 


v — 


V 7 


K 

d* 


where K is the eoelh «ei?t of chett icily and d the density of the medium. 
The value of K for a g*s is the elasticity under adiabatic, compression 
(without loss or gam of heat), and is gieabir than the isothermal elasticity, 
which is numerically equal to the pressure The ratio between the two 
elasticities is equal to y, the ratio of Uufspedilic heats. 

Tf, therefore, in the gas under iu\esligatinn, # X is the wave length of a 
£Ound of frequency n , and if the isothermal elasticity is p and its density 
d, we have 




where I) is'tlie density of the g.is under unit pressure. Writ Tug X, and Dj 
for the corresponding quantities m another gas fur which tlie value of y, is 
lyiowu, ifiti jyave-lenglh \ l of a note of the same frequency it, will, he given,by 




whence 

* • 


y x-n 

h"x;d); 
• ' 1 1 1 


As the ratio p/<l is liulepenAent of t he pressing, we not require to know 
the lictuai pressures and densities of the gases in the t\*f> eases, anti any 
variation of temperature can bo pillowed f<n* m theVAues of Hand 1)', though 


1 ft ray and SLwViUt, Pcoc » Jtnij. * Sue. , 190:?, 72 , 16; cj. V.flgt, A tick 1 . A". Gcs. IPiss. 

Gottingen, 1911. f. 71. * * 

2 Tanzler, Ann. Phyttik, 1907, [iv |, 24 , 901. 

8 Rohinsot, Pktjsihtl. Zvitseh. ,*1910, if^H. 

4 Sec this Yol., Part I., j> #7. 
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it ia usual, fol the sake of simplicity, to wlupt % sj.me temperature, in 

each case. ' * », • 

*■ Air, for which y~ 1*408, is used as the standard gas, and the determina¬ 
tion of y fpr ahy other gas thus resolves itself into a comparison of the 
wave-lengtls pf tho s^mo sound in air ancf in the gas. This is usually 
accomplished by a method <lue to Kundt * 

' The particular form of f apparatus used by Ramsay} Collie, and Travers 
(vyie infra) is indicated in fig. 85. e 

A long tube T, which may be of narrow bore (2 mm.) is closed at ono 
tmd, and # through this end is sealed a glass rod U, half of which is inside and 
half outside the tube. Some lycopodium powder is distributed along the 
tube, dry air is introduced, and <he rod It is set into longitudinal vibration 
by rubbing it with a rag wet with alcohol. By moving tho clip C on the 



Fie, 85. 


thick-walled rubber tufnng fitted to the open end of T, the length can he 
adjusted till iff resounds to the note. The stationary waves thus set up in 
the tube by interference between the waves incident ifyon and reflected from 
the ends of the tube are made evident by the disposition of the lycopodium 
which is swept away from the points of greatest movement and heaped up 
at the nodes. The distance between adjacent nodes—the half wave-length— 
is, determined by direct measurement. The tube is noxt evacuated and 
filled with the gas under examination and the measurement of wave-length 
repeated. # , • 

Owing to the lightness of helium it is extremely difficult to get good 
dust figures,‘and thus Ranmv at tiryt found for y tho high value 18. 1 
Subsequently it was found that in the particular apparatus used, 

for air, X/2*- 19-C0 mm. * 

while for helium • X/2 = 101*5 „ 

Whence,,for hcliun^ • 1 *052 „ » 

This' figure has l^en confirmed iTy other observers. 2 « • , 

Scheel and IIeu1!;o have determined the specific heat of heliwm at constant 
pressure and # the ratio of the specific heats at 18° and - 180“ witji the 
following results:— 

, C 7 , at, 18° . . 4 993; at -180° . . 4*9:4 

•y at 18° . ! 1*660; at - 180° . . 1,673 ’ is 

while Eggert 4 i f ound C /( #to be ,practically independent of the temperature 
between - 15° and 150 ' C$ apd equal to f> 065. , 1 

Ljqucfaction of, Helium.— The failure* of many ^ttompts to liquefy 

, 1 Ramsay, Prof. lloy. XV., 1895, 58 , jjfl. 1 « • ,, , 

2 y=T652, Klim say, Cojlic, # and Travers,, Tram. C^iem. Poe., 1895, 67 , 696; 7 = 1 * 68 , 
helm ay,d Geiger, Bar. deut. physikal. Ges ., 1907,5> 65/ ; 7 =• 1 '67, Liyiglpt, Zeitsch. afiiorg. 
Ohem., 1896, 10 , 289. • 

* StheelVid ^cuse, Sitzungther. K. AJcad. Wins, Berlin, 1913, p. 44. • 

4 Eggerf, Jf.n. Physik, 1914, jjiv.], 44 , 64$., * , 
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he(jum suggested ttyifc jfs critical temperature must be very io\v,- uuj from 
the behaviour of tho gas in a vacuum tube connected with a chftrfrml absorp¬ 
tion tube Dewar concluded that its boiling point was not higher than* 
6 ° absolute . 2 * 

The actual liquefaction of helium was preceded lay * a gtuity of the 
isothermals down to the t&nperalurfe of liquid-hydrogen , 3 from which r > 
appeared probable that at low temperatures the .value of lv foi the Joule* 
Thomson ^lleet (cf. p. 32) would chauge sign, and tlijfl at the temperate 
of solid hydrogen the expansion of helium from a considerable pressure would 
cause a lowering of temperature sullicient to make a self intensive cooling* 
process successful. That this would be so had been predicted by Dewar 4 
Onnes prepared his helium from inonu/it* sand and purified it by Dewar’s 
method of fractionation from cold charcoal. The gas was circulated through 
an apparatus in which it was cooled first to the temperature of liquid air, 
then to 15° absolute by means of liquid hxdrogon boiling under GO mm. 
pressure, and finally ^passed tbiough a specially constructed liquetyq; of thl 
Ilampson typo. Thus GO o.o. of liquid was obtained in 3 hours from 
300 litres of gas . 5 

Liquid helium is a colourless, very mobile liquid* Its density is 0154, 
and it is thfis much lighter than any other known solid or liquid . jt is stated 
to have a point of maximum density at about 2* absolute 6 The ratio of the 
densities of liquid helium and its vapour at the boiling-point is 11 : 1. 
Calculating from the density by the formula of Lorenlz a»d Lorenz, the 
refractive index iff found to be 1'03. 7 Hy an ingenious device it was, made 
possible to have a clear view of the liquid that collected in the vacuum- 
jacketed tube of the liquefier, and it was observed that the meniscus was 
sharply visible and straight: this indicates that the suifaee tension is very 
small. The boilmg-p^mf is about* 4*3" absolute, the critical temperature is 
5*25* absolute,’'and the critical picssure is 2'2G atmospheres. The calculated 
critical volume is '00271. * t , 

The following table shows the vapour pressure of liquid helium at 
temperatures below its critical tempcAturti 8 :— 

Absolute temperature . 4'28 4*97 5*lt) j>*J5 5 22 5 - 25 

Vapour pressure, mm. . 7G7 132!) 1520 15G1> # 1GG8 1*718 

• • _ 

Solid helium has not yet been obtained : efibres to pn»luce it hy evapora- 
tioy of the liqiud under reduced pressure have* faded, although a temperature 
in tlnfncijjtdxmrhood of 2*5 r absolute has been reached. 1 ' It setnns probable 
ttyit the triple-point pressure of helium is below 10 mm. of mercury. 



1 See, e.(/., Ohevfrki, IP'iefr Annalen, 1800, [ni.], 59 , 184; Bull. Acad. Sei Cracow, 

1905, p. 407 ; Ann. Physik, fl>0^, J, 17 . 991, Any. Chun # 77/?/*?., 19 ( *6, [vui.l, 8 , 189 ; 
Dewar, Tns.r Chnn S8c., 1898, 63 , 538 , Onnes, l‘roc A# A hud Welevsch. Amsterdam, 
f908, io, 744 ; Travers, Sent*r, anujlaqueuxl, B/uI. Trtfn$ , 1908, A, 200 , 131. 

3 Dewar, Compt. rfnd., \904, 139 , 421. •* t 

8 OnnHs, domm. 1‘hys. Lah. Leyden, 1907, No. 102 . * 

* Dewar, Pro/:, Hoy. Sue., 1901, 6 ^ 300. (j. Onnes, Native, l r, 08, 77, 581. 

• 6 Onnes, Proc. K. Akad. *\Vetcnsch, ImsladAm, 190f^ n, I 08 ; Coi$it. rend,, 1908, 
147 , J21. • 1 • 

8 Onnes, Conjfh. f‘hys. Lah. Lei/den, N*>. 119 . 

7 lludorf, Phi$. May., 1909, [vi.], 17 , 795. 

8 Onnes fruc, K, Akcid. ll'ctctisch. Amstudam, 1911^ 14 , 67$. 

8 Onnes, Proc, K. ft lead. Wetensdi. Amsterdam, 1909, 12 ,175. 

« , 1 
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Liquid helium has beon used as a refrigerating sger^t in the prosecution 
of low tempbnituro research tut fcoyden J 

* Chemical Inertness.-- Chemists generally accept the view that helium 
and the otljci; members of the group are iney-pable of entering into chemical 
combinati<*i, but it*mtv sene a purpose to collect in this place the evidence 
for and against this belief.* * # 

* Firstly, it is of interest to know in what state folium exists in the 
minerals which contain it, and several investigators have, at dille#ent times, 
directed theii^eflbrts to the solution of this problem. At an early date it 
? »Vas shoyu 2 that when fergusonitc is heated to 500°-(»00° C. it suddenly 
becomes incandescent and evolves a considerable amount of gas, which 
consists, as the following analysis shows, chiefly of helium :— 



] Volume of (In s'. ■ 
1 r.e pa (hum. 

i 

Pare ill mie of 
Tol<4 (!a\. 

Helium 

1 080 

75’5 1'iimit 

1 Hydrogen , 

(\ijlioi» <li<*\idr 

0 078 

ft 47 ,, j 

0\Mf. 

17-lt „ • 

1 N Amgen 

. i 0 027 

1 

1 , 

1 88 ,, I 

* 

Total . 

. | l-rio : 

: yy-W9 pel <ent. | 


*— — 

-- - f- • ‘ 


The weight of helium evolved is (H’KVJt) per cent, of the weight of the 
mineral. 

Fergusonitc is a niobute of yttrium containing some uranium ; it occurs 
in felspar and mica deposits, hut it is doubtful whet'iei* it is of igneous origin 
or is deposited by water. It is maeio crystalline,'but under the microscope 
shows no trace of crystalline structure,'and appears to he homogeneous and 
free from cavities. J>y heating the mineral with a hydrogen tlame burning 
in oxygen in a specially constructed calorimeter, it has been shown that the 
heat evolved during the chynge is 809 cal. per gram ; moreover, the evolution 
of helium is aeeompan* »d by an increase of volume (a decrease might, con-, 
ceivably, account' lor part of the Jieating). A similar liberation of helium 
with evolution of li^lU and heat has been noticed in the'case of if sample of. 
fluor-spar containing fluorides of cerium and yttrium. 3 

Travers lyis pointed out, however, that many minerals which fontaVno 
helium exhibit a similar incandescence on heating,' 1 and this fact rather 
discounts the significance of the foregoing observations. u ' 

1 Another 1 fact, which might he considered to point to the txi^tence o p , 
compounds of helium in minerals is that the gas is completely* elimimfieu 
from samarskite by heat jug in carbon dioxide, JdijC vmly paitially by heating 
in hydrogen. A similar phenomenon has been observed'in the 1 Oration of 
nitrogen/rom certain nitrides, and Kohlsehutt* r r * sifggesljj that (his may be 
due th the reduet'on f>y the hydrogen of the higher'oxides which • otherwise 


«> 0 

1 See Oniif<, Clem. Zilnnif.^ 1910, 34/1 873.,j 
" Tililen, 1‘roc. Roy. Snc ., 1897, 62, 325. * \ 

3 Julius r p)oin«eu, ZtiUch. physilul. Chan 1898, 25, 112, 
Travers, Nature 190aI" *]l, -48, 

1 8 Kolilschutter, AnnoUn, i9(Jl' 317 , 158. 



P rifle the, attygei^ r^juirecT to expel tho helium or niirogeh from its 7 
pounds. * ' . . • . ’ 

; Jtore." definite, conclusions may be deducod from experiment! in whieJi'* 
pitch-blende was ground in vacua. 1 Helium was thus liborafe4 in amounts 
Which were approximately a constant proportion (H to l*2’per«ceftt.) of tbo 
total amounts that could be Obtained Ify heating tlse mineral with potassiii. t. 
hyurogen sulphate. ■. * 

•"/ A slightly, different method of attacking this problfm was followedvjhy 
Gray® who powdered thoriauite in an agate mortar, sorted*the resulting 
powder into various grados of fineness by olutriation with water, dfied the* 
resulting fractions, and determined the amount of helium which was liberated ■■ 
from each on heating with nitric acid in anwexhansted tube. By comparing 
these amounts with the total amount of helium evolved when the unground' 
material was subjected to similar treatment with add, ft was possible to. 
ascertain the proportion of the total helium which had boon liberated by. 
grinding to a degree ft" fineness which was determined in each case by tnicrof 
scopic examination of the powder. It appears that very little gas is liberated' 
until the particles have a diameter as small as 10 p.; from this point the : 
proportion of helium liberated increases with the fineness of the powder hgtil 
a temporary limit is reached with particles of an average diameter of 3-/t, 
from which about 2$ p<jr cent, of the total helium lias been given off. 

Both these sets of experiments lead to the conclusion that the helium is 
confined in a structure («.</. of cavities) which, though invisible under the 
microscope, is large compared with the molecular structure. • 

A similar conclusion is readied as the result of experiments upon the 
liberation of helium from monazite and thoriauite by prolonged heating at 
various temperatures ftom 500M200’.* With the latter mineral there-was 
a. practical limit to the»'v91ution oMielium at any given temperature. The 
following are typical results*— • 


0-7 per cent, of helium content libefuted in 5 hours at 300 ’ 

8-5 per cent. „ „ . ,„ 80 * „ ,, 500 ’ 

* 62'3 per cent. „ ,, ,, 320 ,, ,, 750 " 

100 0 per cent. „ „ „ • 30 „ „ 1000 ’. 


It seems probable, therefore, that in Uiorianito. while a*srnall proportion, 
«f the lielfhm may»be diffused throughout tlfc ♦mineral*- possilily in solid 
solution—the greater part of it is concentrated m minute cavities. If this' 
is tBe case,.the pressure of the gas in the cavities is certainlj»very great:, 
something of the order of 200 atmospheres at 0° C. s • " - 

*lt is stated that considerable amounts of helium are absorbed by the' 
finely divided platinum produced by the so-called ‘^electrical vaporisation?*'! 
- \ne platfnum oleetrod^ of a vacuum tube, 7 and also by magnesium" 
■ Blectrodes in vacuum tubes, hjit it seemsrproyable tlaat this absorption, in so' 


- v • • 

1 Of. KohlschUttftr affid Vijgdt, Bcr,, 1905, 38 , 1419. 

9 Moss'oa.* Trans. Hoy. Dull. Soc., 1904, [ii.], 8 . 1 
8 Gray, Proc. Roy. Soc., 1909, A, 8 ^ 301. * 

-Orson Wood, Proc, Itof. S9c M 1910, A, 84 , 70.» 

' X V *' * Of- Travera, Nature, 1905. 71 , 248. • 

, * Fora discu^on*of this phenomenon see Kohlschutter and Goldschrnidfcy 

and^Hahnel, ibid.^ p. 366^ Walter, v 


* MUklrochem. , 1908, 14 , 221 and 677 ; Fisch 
m ; KoblachUfter, ibid, , 1909, > 5 . 316. 
fJ;.' ,;\ y pavers, Proc. Hop Soc., 1897, 00, 449. 

"%<!'"? \rkk- x * •_ 



' "‘-.y |-- TrVC: ’ f ’ 

tftf w it se'tuilly Amti, is a" physieal parootoenonl !to& as : . , 

Absorption' was measured j)bie8y by tbs sp6c'tlu^*|^SS 

•y?hioh has b«?n sho^n to be unreliable in tbe.oase of- the insrt 
‘maeb’importance must not bo attaohed to these results." . >. "iy's-lp 

The most exhc.uijJ.ivo series of attempts to bring about the combifts| / ’’ 3 ' 
of, helium with various elements and compounds was made by I 
Collie . 2 A measured amount of helium was circulated over the s 
» bright-red heat; .hen the whole apparatus was allowed to cool - the residaS 
helium pumped off and measured, and finally the reagent was reheated, f 
;»ny gsjs evolved pumped off and examined. The following is a list ofitjj&J; 
reagents usod:— . V-iV- 



"Sodium (distilled in the gas). 

, Silicon. 

Glucinium 

?inc ) (both distilled in the 
-Cadmium / gas). 

Boron. 

■ Yttrium oxide and magnesium. 
Thallium, 

Titanium oxide and magnesium. 
Thorium oxide and magnesium. 

Jead } (^krrmshed at red heat). 


ST 8 J^tiUed in the gas 
Antimony j , , nx 

Bismuth } (™ chan 8 cd )' 
Sulphur. 

Selenium. 

Uranium oxide and magnesium. 
Metallic colmlt. 

Platinum black (no occlusion). 
Soda lime anjl potassium nitrate.. 
Soda limo atid sulphur. 


■ No change in the volume of the helium was observed in any of the; 
experiments, and the reagent in each case appeared to he unattacked. 

From experiments that have been {nade during the isolation of helium it 
is certain that it does not combine with oxygon, nitrogen, hydrogen, otc., 
jand it has been proved that even, at high temperatures it does not paS8\ 
through iron or platinum and ciftmot, therefore, form any compound or solid - ' 
Solution with theso elements. 8 , Further, helium has no measurable solubility. ; 
in solid or liquid copper, silver, gold, nickel, iifon, palladium, aluminium* '■ 
magnesium, uranium, o# tantalum. 4 ’ 

■One possibility tfiat remains is that an endothermic compound of helium. ' 
might be obtained by the action of the silent electric discharge. Berthelot; 
'stated that whemhelium was thus treated in presence di benzene and mercury, ; 
a green glow was seen, which gave the spectrum of mercury, and a lafg# 
proportion : of the gas was absorbed (68 percent, in 210 hours) whh pioductibn 1 
.. of. a resinous* solid. This solid, when heated, gave off a gas which, wbep' 
purified from carbon monoxide, etc-, showed exactly the same behaviour al 
v .the original gas when submitted to the discharge with benzene and 
. Moreover, the residual gas from the first experira^nt could be made to undergo 
: '"fqffcher contiaction !>)• the 1 action of the discharge'in presence of fresh benpeiuf 
. mercury. 5 ^ 

■ r ( Tlfese results axe so startling that one fb naturally* disinclined to accept- 


-XV See Arg^u, v. 843. \ - 

i l * Ramsay and Collie,’Proc. Roy. Sic./l 896, 6o, 93. ( 

,, r - * Ramsey and Travers, Proc. Roy. Soc., 1 807, 6i, 207 ; cf., however, Piutti, 
‘,19^.1, 8^13; it is there stated tha4 certain minerals can absorb helium, 
y" t Sit^Brta^ind Berber, Ber c , 1012, 45 ,<2670. 

* ' BeftWIot, Oompt. rend., 1895, 120 , 58f, 600, 1816 j 1867, XLfc U& v • 



An <* Ws/bHlwv, ,un* u W ,uo^ ^v^iwm^ok-^ 
Kamsa^'witf’ Oolli©^-8uWifcte4 mixtures pf.hoH^^.%^"- 
^^^Pff^. va P 0ur wd with chlorine to the action of the silent electrical difiicibai’g4{! 
m&**y hours, but could in no case detect any alteration in thtfp/ 

“^um or any other sign of chemical combination, , Strutt ateoAaa found?,-** 
helium is not absorbed* when subjected to the silent discharge wit'v: 
.iPQnzeue or carbon bisulphide. 2 ‘ -/if 

p" A ^here appears, therefore, to be good ground for thS statcmdht tlmt 
^ofhermic compound of helium exists, and that neither high temperatures ' 
silent discharge are capable of causing the formation of enat/Uerpsio * 
^bmpounds of the element. ' <} t 

*yA Atomic Weight. As helium does not 4>rm any definite compound, the.. 1 ' 
equivalent referred to hydrogen or oxygen cannot bo determined—indeed, at ■ 
-cPannot be said to have an equivalent. We arc thus red 1 (bed to othor and 
x JCSs u*tisfactory methods for the determination of its atomic weight. 

- Assuming the trutf! of Avogadro’s hypothesis, it follows from deteminittionfc * 
M the density (supra, p. 308) that the molecular weight of helium is 4*002-' 

. (Ps — *^2), and as tho ratio of the specific heats is l '66, it is probable that thp 
-atomic weight is identical with the molecular weight. • * 

\ v' This conclusion is based (a) on reasoning from the assumptions of the 
kinetic theory of gases, fj-om which it appears that tho highest possible ratio 
of,the specific heats—which one would expect to find in cases of tho greatest 
^molecular simplicity—is about 1-66, and (b) on the fact that Ac vapour of 
/ipereury, known oif other grounds to be monatomic (e.y. from the vapour 

density), has the ratio of the specific heats, S?ss 1 •6G. ;i , 

,c c v 

Confirmatory evidenep of molecular simplicity is to be found in the nature 
of the positive rays in hoiiutn (p. 29ft), the Zeeman effect in helium (p. 314), 
the relative ranges of the a-rjfys of a radio-olement in helium and (Jthcr gases, 4 
t >0 agreement between the observed afid calculated rates of production of 
. helium from radium, 5 and in tho thermal conductivity outlie gas (p. 310). 

,The view that the atomic weight is* approximately 4 receives further 
^support from thp way which helium then falls into place with the other 
. (dements of its group in the periodic classification t>f the elements (see 
Part I. Chap. VIII.). , # * . \ 

- * Detection. —The^simplest method for the defection helium consists; 
in introducing the gas into a vacuum tube connected with a side tube coh- . 
tailing ^harqoab cooled in liquid air ; all heavier gases are thus absorbed;- - ;- 
this way it was found possible to detect the helium .and neon ^ 
<* c - of air. 3 This method has also boon used for the detection of heli um/ ’ 
;itt minerals/ • • ' - 1 / 

_ * , ___ _- • "A ,; 

9 - - 8 Strutt, Pro$ Roy. Skr., 11)12, A, 87 , 38 iZ.'fi*' 


Ramsay and Collie, loc. tit. 
f'A: '* See this Y^., Part 97 


r.;,: .5 see j,ma v^., 1'art x.,*p. 97 . • v y ■* 

A*. X E'. P. Adams, Phys. Revie*, 1*07,24, 109; Taylor, PhU. May., 1913, fvi.l, ^5, 403;^ 
■p&iafc A'm. Reports, *L9(tf, 4 , 313 ; 1913, 10 , 279. ** . ,• ■,'£# 

Q 3nd Geiger, Proc. Roy. Soe., 1908, A, 81 , 162 ^ Soddy, A*m. Reports, 

Wf'Jm • . 6 Dewar, f’roc. Roy. tide., 1899 , 64 , 231 . ; ’$4 

ill /(W^as, Compt. rend., ^^8,^46, 028 ; cf. Piuttl* Rend. 4ccad. Sa. Fis^luLNopd&SV 
IS, 203 ; Le Radium^botf, 178. • • 




LtlAl'Tlilt III. 


NEON (Ne). 

History. —It has already been stated that after argon and helium had 
been discovered, there was some controversy as to their position th the 
periodic classification of the elements, and that the discoverers ultimately 
chme to the conclusion that these gases must be placed by themselves in a 
new groltp. Helium then occupied the same horizontal position in the new 
group as lithium in Croup I., while argon came next to potassium (see Part I., , 
p. 274). A^ap was thus left for an clement which would occupy a position ini 
Group 0 between argon and helium, and would have an atomic weight two 
or three units less than that of sodium. 1 

In the hope of discovering this gas Ramsay and Travers made a careful 
examination of 18 litres of argon, obtained from air in the usual manner. *» 
The gas was liquefied in a Dewar tube cooled jn« liquid air boiling under * 
reduced pressure, and 25 c.c. of clear liquid were obtained; the temperature 
Was then allowed to rise gradually and the gas that boiled off was collected 
in fractions. o . 


• The first fractions had a density of 14’7 (approx.), which approached that 
anticipated for the element between helium and argon; moreover;- the 
spectrum of this gas Was new and contained in particular a yellow line.'; 
(X 5852’65) (jiarinefc from those oh sodium, helium, and krypton. 2 *Jhe^ 
colour of the light from the vacuum tube varied from fiery red to brilliant-, 
orange as tho pressure fell, and the gas was absorbed by the aiuminiym^ 
electrodes. - . * i 

When’the first fraction was again cooled with liquid air it was found thafbj 
. a large proportion did not liquefy; this gas had a density of 9*65, but was J 
,mifced w(th a certain proportion of helium and argon. These impurities’wefjg 
• removed by fractionary distilling a liquefied mixture of the original gas>ytJfi 
a suitable proportion of oxygen; the middle faction w&s freed from 'bxygbfg 
y by passage fever red-hot copper and then had % density of 10*1. •' v-tt 

•;.a The new gas was' characterised by a spectrurfi distinct from that 

or argon (*trde infra), and was named neon (froip the Greek vtov, newW 
< 'b v *,Toward the end of the fractionation of tho original supply^. 1 iquidargQlw 
r‘ aiolid supstance wa& obtained Which distilled very slowly and coula therefore' 
'be -obtained in a estate of considerable purity. This substance was-.afe 
supposed to bo another new element and received th$ mpne “ metargoti-_”4 

- ^4-^ -7-—7-;- } 

1 Ramsay and Tray avS,Jkroc. Roy. Sac., 1898. - 

a Ramsay an$ Travel®, Rroc.Roy. Sep., 1898^3, 487. 

.. 80 s *. - - •' 
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later found feji'Ramsay, ant! Travers themselves thdt ^he r pMftliw 
which led to its “ discovery *’ was probably due to argon containing 
'^ktnan amount*of some volatile carbon compound. 1 Neon wag not obtained, 
In the pure state until llilO by Watson, and for this reason less is 
.'known of the properties of ne<jn than of # the other gases.® * • 4 • 

:§ir J. J. Thomson, by his positive-ray method, has shown that atmoSphtfU; 
‘neon contains two kind# of atoms; one of mass 2(),»the ordinary neon atoflr*,\ 

7 the,other of iass 22 which could nob be attributed to any known element?' 
-To this latter substance the name metaneon has been given. Attempts have 
.been made, without success, to separate neon and metanoon by repeated,. 
^fractionation over cooled charcoal, but by a series of fractional diffusions. 

' Aston has obtained a gas having a density greifter than that of ordinary n$on. a 
On the other hand, Leduc, who has had considerable experience in fractional 
, ting atmospherio neon from the same sonreo as Aston’s, considers it possible 
that the increase in density is due to the concentration of a trace of nitrogen^ 

. in the end fractions. 3 • * * " 

Occurrence. — Hitherto neon has been obtained only from the ' 
atmosphere. It is difficult to make an accurate determination of the amoynt 
present, but Jhe most reliable estimate is probably tlfat of Watson, 4 wlio 
found one volume of neon in 55,000 volumes of air. 5 Direct evidenceHms beef) 
obtained of the presence s>f neon up to considerable altitudes. 6 

Ngon has also been detected in the gases from 22 thermal springs, 7 and 
doubtless occurs to a small extent with argon in the nitrogen pfesent in the 
dissolved gases of water, in fire-damp, etc. * 

- Collie and Patterson, working independently, have obtained evidence, 
which points to the formation of neon and possibly traces of helium by the 
passage of an electrical (fiscl^arge in hydrogen at low pressure. The general 
method of experiment coifsisted in introducing pure hydrogen into a vacuum 
tube having aluminium electrodes, passing a discharge for several hours, 
removing the hydrogen from the tube aud*exploding with excess of pure 
Oxygen, and, finally, removing the oxygen by means of cooled charcoal, and 
exanfining the residual gas spectroscopically. *ln certain cases an electrode¬ 
lees discharge was passed, and some of the tubes eiscd were double-walled , 
bofch with and without electrodes. • * • 

After further experiments made in collaboration, Collie and Pattersoq con* 
chide that (If neon cannot be obtained from either glass or^aluminium suOb 
as that used for the tubes and electrodes by simple heating; (2) glass is not 
permehbW to ordinary neon and helium, either when heated nearly*to soften¬ 
ing Of when subject to the action of cathode rays; (3) the hydrogen sffid 
Oiygln used in the experiments contained no neon. Nevertheless, they 
obtained sp^ctebscopic evidence of the presence of neon in the residual gas* 
olffeiAed in their exppriments^ Masson has obtained similar results. 8 

l See Ramsay and Travers, Compt *rend,, 1898, ^ 26 , €762 Jfcr., 1898, 31 , 3111 ; JProd'\ 
%jyj3oc., 1899,^4, 185. , . •, 

. a Aston, Nature, 1913,92, 3o8 ; cf. Pw. Hoy. Soc., 1914, A, 89 * 439 . • 

* Leduo, opt. rend., 1914*158, 864. 4 Watson, Trans. Chcm. Sm*., 1910, 97 ^’oi ' 

o Cf. t)laude, Compt. rend., 3J908, 147 , 624; J^mlas an*i J'ouplain, Compt. rend., '.; 
*LM?i 591. • • • • • • • ’ 

. Teseerena de Bort, Compt. rend., 1^08, 147 , 

? M^eu and Biquar<h Compt trend ., 1906,143, 180; 1908, 146 , 435. .4 .y; 

f ■'I'Qdliie'and Patterson,- Trans. Chun. Soc., 1913, 103 , 419 ; Proc. Chem. Soc., 1^13, 
'ii/'Pl&HSOZi. ibid.,#, 233; Collie, Patterson,and Masson, Proc, Iky. Soc.'i 
m tAttM *.'aid 0101*. A. on KK4- 




..Attempts- inVde, these rdstifts'' fella^j 

ipparafcus enabled him to detect with feftse<fche neon ih y^th 0,f 4> 

his method of experiment the gases were manipulated entirely withini^I^ 
glass apparatus., ^Negative results have aho been obtained by Melton. ^ 
ijy Eger ton. ' # "* 

Before the minute quantities of helium and neon observed bjM 
Patterson, ,and Masson can bo regarded as of real significance, it is desir&bwC; 
that these investigators shall formulate the precise conditions binder whicjOl 
positive results may be anticipated, and afford an explanation for the negfttiV^ 
results'that others havo obtained. Certain experiments by J. J. Thorniwi ; 
have been cited in favour of the f reality of the transmutations, but he himfifite 
•’states: 2 “I havo never, however, been able to get any evidence, that JJ, 
regard as at all conclusive, that the atom of one element could by such meana-t 
be ohanged into an atom of a different kind.” '4 

isolation. —(1) Thoearlior methods used for the < isolation of pure neon 
all depended on the fractional distillation of liquefied mixtures of neon, argon-,' 
■krypton, and xenon. That originally used by Ramsay and Travers has been, 
outlined above. , 

(2) Another method used by these investigators was to take the gas 
. escaping"from the Hampson liquetier (which consists chiefly of nitrogen* 
together with all the more volatile constituents of ^ir) and return it to the 
; intake of thq compression pump. It was thus again partially liquefied, afid 
deprived of a further proportion of its less volatile constituents, and a gas 
T?$8 ultimately obtained comparatively rich in helium and neon. This cop. j 
ccentration of the lighter gases could also be brought about by liquefying the 

* Whole of the gas escaping from the air liquefier and Mowing a current of air 

* -through the liquid; the portion that fii;st evaporated contained most of tha 

helium and ( neon present. ' f 

*V‘ The enriched gas was next freed from oxygen and nitrogen by the usual 
chemical methods, and the residue was again liquefied and fractionated.to 
- remove argon. Finally, neon was separated from helium by cooling the 
Mixture to the temperaturo of liquid hydrogen and pumping off the stjdl 
sous helium from the^olid neon. ;t 

(ty A simpler method for separating neon from the mixture of inert gases 
1 from air, depends on the use of cooled charcoal in, the manner 
by Dewsr (seo p. *306). It is found that ?\vhen the mixture-d* 
i;\ brought in contact with charcoal coolod to about - 100° C., the argon, krypton, N 
Jv -’an^ xenon *are completely absorbed, while the greater part of the helium and^ 

^ / nepn can be pumped away in the gaseous state. The neon can then Jbe, 

'"' /‘/separated from helium by bringing the gas in contact .with chainoal-odoleS. 
'%;to,.the temperature of liquid air (-180° to -190° O.); the deor. 

^/.absorbed, while all the helium with a little of ^he neon "can be pumpea’ofc-, 
|,'-^-;.When the charcoal is ‘allowed to ■warm up to the ordinary temperature, the* 
is evolved in a fairly pure state, 4 , . 'V 

^^S'rbm the gas retained in the first lot of a charcoal, k-ypton and xenon 

nAd /ra v a n 34-7^ «* A *> 


„. K .. m .stained (sde p. 347), — ®’» VJ - 

iW&t ;(4) Thf. moat convenient method of obtaining, neon-from the air is | 

^Strutt, five. Ray.'Roc ., 1914, A, 84, 489; Merton, jSt'A, 19 »Ta, 90 , 549 • 


a, 91, iso. 

'■.>‘."*“1 J.XThomson, Mature, 1918, 90 , 846; The Romanes Lecture,. 1914, p. 18. " V, ; v-. 

’ ’■ * • i —,4nd Travers, Prat. Roy. Sue., 1991, 67 , 829 ; Dewar. ihH.mtfa-Jmm 
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‘Vand Schmidt, Siimngibyrt K. Mad. WUs.'Burling 
Cmpt. rend:, 1906, X 43 , 1$0 V 4 
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'/,3$e uppi£ pwft o!‘ the apparatus consists 6f a rectifying boftt 
in construction to that of Coffey's still. <»Tfcy the pressure of garb the 
the liquid in the reservoir A is forced up the tube L and delivered into i.ifeb-; 
column at k point a little below the top, while the liquid in E is 
forced to tlie'top of' the column through the tube t, 2 . ' 

■(, '■ The oxygen in 0 is at its boiling-point under atmospheric pressure, ahd^ 
the highest temperature is found iu this liquid and -at the bottom of the 
> rectifying colpmn. On the other hand, the liquid in E when suddenly placed 
under atmospheric pressure at the top of the column, boils rapidly, losing the 
greater part of its nitrogen and producing the lowost temperaturo found in'; 
any part of the apparatus. As the liquid passes down the column it becomes 
sWdily warmer, and meets a current of gas which becomes steadily cooler • 
as it ascends. The net result of these heat interchanges is that practically; 
all the oxygen in the ascending gas is liquefied and drops back into C, while 
^llthQ nitrogen in the descending liquid is distilled off,,and passes out into 
the atmosphere at F. 

This description of the apparatus and its working is necessary in order 
to make clear the nature of the modification by which the helium and neon' 
present in the air can be obtained. It will be evident that, as these gases 
have extremely low boiling-points, they will remain as gas in the space above 
the liquid in E. A narrow tube X is therefore provided, by which these 
u'noondensed gases are led up to the top of the column, where they pass 
-through the spirals Y, situated at the point where the temperature is lowest 
(vide supra). Here a great part of the residual nitrogen is condensed and 
^lls back into the small reservoir Z, from which it is blown off from time 
to time through the cock W. 

When the flow of gas and liquid in the various parts of the apparatus ie 
suitably adjusted, the residual gas escaping from the 'top of the small spirals 
contains all ‘the helium, neon, and hyctyogen present in the air delivered into 
the apparatus, together with about 50 per cent, of nitrogen. 1 

From the crude light gas ofytainpd by this method the nitrogen may be 
at 6nce removed by the ordinary chemical methods (see Argon), but a-simpler 
plan is to fractionate the tfhole over cooled charcoal repeatedly. The nitrogen 
is absorbed most readily, the neon less readily, and tho helium hardly at aH 
at the* temperature^ used. A sating of time, however, may be effected if 
After several fract’onatiom ‘have been made, the nitrogen is absorbed by 
/' chemical methods. The progress of the purification is best followed by means 
of determinations of density: spectroscopic examination is almost useless, as 
. darge quantities of helium may escape detection. 2 

It will be evident from the above descriptions that neon is*the most, 

\ difficult of the inert gas^s to isolate. This is due partly to the • extremely 
^ minute proportion present in the air, the only available source', and also to 
the fact that ft has to ha isolated fcom the middle fractions of the inert gas, 
ill whieh purity is more difficult to attain than ip end fractions. »•” y, 

*' ; C*J5vidence of the-homogeneity of neon has been ootainod by the observation 
IhAt ‘its vapour'pressure is unchanged during the fractional dft&Hqiion pf 
thg liquefied gas. 8 Quartz at 1000* C. is permeable to neon, but much lessee*, 
;.fhan to helium. 4 

^IJSsYoL, Part I., p. 41; Claude, Oompi. rend., 1905, 141; 823 < 1908, <47, 

• .<?/>- 101ft. rt* flirt n \iVj 


U, Tjans. Cksm, Soc., 1910; 97, 810. „ 

r •myerfa^iter, and Joqutf.od, Phi(. frgte., 1903, aoo, A, 131. 
1 p, W, Bichardsou and Ditto, Phil, Mag., 191k {vi.], 32, 704. 





of aeon has been deteymindti J>y sytMjtfj * 4 ;/ 
sample of the gas prepared,byi method (A) above. He 'found 0*8002?'~ 
W* J0*0003 gm. for fcho weight of the normal litre, which cprreajpowd^^i.f- 
jfebsity of 20*16 (0 2 = 32). Ramsay and Travers had previousJy«foUhd r -the , 
^abte 19*94 (0 2 = 32), 2 but # tho later, determination »is * undoabfedlf Jhore 
accurate. Leduc giv$s 0*899 gm. as the weight of a normal litre. 3 , &£* 
From Watson’s vaVie for the density, and Burt’s valug given below for th^. 

Vpressure compressibility coefficient, it follows from the method # of limiting 
densities that the molecular weight of neon is 20*20. * j 

The compu'essibility coefficient of neon at 0° between 0 and 1 atmosphere 
is, according to Burt, -0*00105; that is, neori, like hydrogen, is an ultra- 
perfect gas. 4 Leduc’s value is - 0*00046 atfl7 0 . 3 The thermal conductivity 
•is 0*0001091 e.g.s. units at 0* C., and the temperature coefficient 0*00259. 

•< The refractivity of neon was given by Ramsay and Travers as 0*2345 times 
i^at of air for white \jght, whence the refractive index is = T0000687. 2 This 
figure agrees fairly well with that found by O. and M. Cuthbertson,* nhmely, 
1*00006716 at 0° and 760 mm. for the green mercury line (A=- 5461.). 

The dispersion at N.T. I’, is approximately twice that of helium, the,rela- 
tionship between wave-length and refractive index beirfg given by 



where C x 10”? = 5*18652 and « 0 2 x lO” 2 ^ 38916*2. 

The absorption coeffcient of neon in water is 0*0114 at O', and increases 
gradually up to 0*0317 at 50°. The solubility curve appears to have U 
minimum at 0°. 7 1 

The viscosity of nee* aT 0° O. is*2*981 x 10~ 4 in absolute units. 8 

The dielectric cohesion oi pure neon at 17° is 5*6 (hydrogen 205), which 
Is considerably less than that, of heliUm, \^hereas one would expect it to fee 
between that of helium* and argon. The value of thg dielectric cohesion is 
• vecy much raised oven by traces of fifreigfl gases; e.y. l/20th per cent, of 
impurity raises it to 6*8, and the determination, of this constant therefore 
fiords a good criterion of the purity of the gas. 9 • 

When an electrical discharge is passed through n<fba under‘reduced 
pressure a brilliant of an go-pink light is emitted. 2 The fyectrum is chttracter- 
-ip$d by lines in.tho orange and red regions and, like that of helium, argon* 

; hryptop, ai^d xenon, is materially altered by inclusion of a Leaden jar and 
spark-gap, the strongest of the ordinary lines being only just visible, while 
1 many new lines appear in the more refrangible region. 10 
/, The chicrf lines are enumerated below 11 :— 


Watson, Trans. Chgn. Soc.flflO, 97 , 826. • • • * 

Ramsay tfhd Travers, Proc. Roy. Sue., 1901, 67 , 329* • ' 

Leduc, Compt^revR., 19 * 4 , 158^864. * # * * ’ 

Faraday*Soc., 1910, 6 , 19. See also Onnes and phommelin, 
A*Wetensch. Amsterdam, 1915, 18 , 515. - • , 

: Rannawitz, Ann. Ptysik,} 915, [4V.], 48 , 57 T. % * 

■•G. aud M. Outhbertson, Proc. I&y. Soc., 1910, A, 83 , #19; 1910, A, 84 , 18, 
...Atitropoff, Proc. Roy. So<A, 1910, A, $ 3 , 4/4. 9 

1 R^jkine, Pfoc. Roy. Soc., 3.910, A, 83 , 516 ; A, 84 , 181. * 

n o^ty; {Jompt. rend., 1910, 150 , 149, 1380 ; .Ann. Chim. Rhys., 1911, 

•** • * \ 

Prod. Roy. Soc.,^U, A* 89 , 44J. . “ Baly, Proc. Roy. Soc., 19<$, 
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I An investigation of three series of lines in the neon spectrum has heOn 
iriatje Ay Rossi. 1 ", i 

'' The Zeeman effect in neon is very complicated. 2 

< A. curious property of neon has been obseA-ed by Collie. 8 When -the r 
£64 iB obstken in a tube with mercury a red glow is observed which is equally jo 
bright at atmospheric pressure or at 120-200 mm. By unequal heating - 1 
and other methods tubes were obtained which would glow at certain part*'-; 
but hot at others. Moisture inhibits the phenomenon. 4 
V ;^o explanation appears to have been advanced: possibly it may be 
connected with the glow seen in an exhausted receiver containing neon moving 
near an electrostatic hold. 5 It is stated that neon is very resistant to . 
absorption by f iho electrodes of a discharge tube.*’ ^ _ 

- Thfl minimum spark potential in neon is 200 volts, with a spark-gap of , 

2'Sttan. 7 , 

' The earlier investigators had not sufficient neon at their disposal to, 
permit the determination of the ratio of the specific' heats; but front the 
feet that mixtures of neon with argon wfcre already known to have y -1:66,.; 
it was concluded that the value of y for neon was that required by theory 
tor a monatomic gas. 8 Subsequently accurate determinations of this coii- ■ 
stent have been madp for pure neon according to the method of Kundt 
6Ud Warburg (see p. 316): the figures obtained are 9 


r, 

■ 

* 

Temperature. 

Half 

Wave-Levyth. 

Density. 

<• 

Air^ . 

19- 

27*92 

14*48 

0 

Neon 1 

19“*4 

36-10 

10-1 

. .. __ ' « 


The value thus found tor the ratio lor neon is i»«. , • 

.—lilquefactjon of Neon.— Neon can be Ucjucfiod under the 0WHW$“ 

■ t.V>-Besii, Phil. Mag., 1913, [vl.j, 26 , 981 ; of. Watw, bred, 1908, 

Sys££alwi.aj, 86». . - 

s'./jrtAmmin, Zeiisch. Wins. Photochem^, 1908, 6 , 1, 41. 

7 f {Joilis, Ptqc. fioy. 3*oc, ,'1909, A, 82 , 378. 

SS.'s Cf. rend.,' 910, 15 !, 1122. ( 

S'* * JervtSmith, /'roc. 7f„i/. Sac., 1908, A, 81 , 430. 

V -* a Gikitde. Comet rmd ., 1913, 156 ,1317. 

Camly , Phil. Sac:, 1913, 17 , 90 
Travel Free. pay. Soc., 1S01„67, 329. 

'Pf t^SyPrlK'. Tfoy. Soc., 1912, A, 86, IfiQ, 




from 32*35 cm. at -24$° *67 0. (tho triple point) to *8l*S2^w&r ^ 
£$ij&4§ 4 : '68 C. 4 Two results at still lower temperatures haVe haefl reo^3o^3 
'^meiy, 12*8 mm, at -252**6 C. and*2*4 mm. at *- 257**35 0. -,r • f, 

£ rl : Its triple-point passure is 35 cm. of mercury* and its critical -presim& lif 
atmospheres; but the critical temperature has not been* determie^d4< 
:There is, however, a connection between the critical temperatures and* the*- 
Viscosities of the inert gases. Tho variation of ry with T is expressed'. m 
.Sutherland’s equation ' 

rv\l/G*T 0 


V " Vo I 


C + T 


where q and rj 0 are the visco^ties at temperatures T° and T 0 ° abs., and 2} 
is a constant for eacn gas. ». • *. '♦'/ 

When the values of q at the critical temperature are calculated forth# 
other inert gases, it is found that the relationship q k z 3*93 ^ 10 “ 10 x at, ytk* 
holds good 4 By interpolation the value of q k and •hence, by Sutheftynctffc 
equation, of T* for neon may be found to bo G1°*1 absolute . 8 .This value 
agrees with that suggested by Travers, Sentcr, and Jaquorod (loc. cit.) f Mz> 
80* abs. According tp Onnes and Crommolin , 4 the critical temperature 9 $ 
neon is approximately 42° to 45° absolute. » ^ 

The surface tension, density, and refractive index of liquid neon have 
not yet been measured; but Rudorf calculates that its refractive index should 
be about 1 *24. 6 . . V 

Atomic Weight*—Jhe atomic weight of neon is believed to be identical 
With its molecular weight, which fs, as has already been mentioned, takem as.. 
20*20. The reasons for tlrts belief may be summarised briefly as follows,:— 

- (1) The ratio of tho specific fleets a$ constant pressure and constant 
volume is 1 * 6 T; , . ; 

v (2) The gas has an extremely small'diel^ctric cohesion (cf. Helium, p. 312, ; 
and Argon, p. 339); > 

(3) The evidence of the positive-ray method (p. 2f)5). @ 

(4) The general relationship of the cement to the oflibr inert ^aaea and 

?o other elements indicates that it shouId**properly occupy the- 
position in the periodic classification between‘fluorine and SodiuOr 
ifito which it naturally falls if its atomic weight is tal^en as 20'%$, ^ 

V # 1 Dewitt, Proc. Roy. Soc., 1901, 68 , 360; Ramsay and Travers, ibid. , 1901, 67 , 
iSravers, Sten&r, and Jaquerod, ibid. , 1902, 70 , 484 ; Phil. Tyans. , 1903, 206 , A, 131. .* , -V: 

- Traversf SeutcL and Jaquerod, loc. cit. '/$ 

y - 2 Rankine, Phil. Mag., l^rt, [vi.], 21 , 49. v /' 

V 4 ' Onnes and Crommelin, Piic.'K. Alcad. Wilens^i. Amsterdam, 1915, 18 , 15. * Sfewalp&j 

> m -> 14,16b* , 

; ^ • Budorf, Phil, Mcgj. , 19o9, [vi.J, 17 , 795. 



CHAPTER IV. 

»fr 

ARGON (A). 

% 

HistOty.—A curious example of the omissions that sometimes como to light 
during the investigation of common substances is found in the fact that from , 
1785 till 1894 no complete and exhaustive examination of the homogeneity 
Of atmospheric nitrogen was attempted. In the former year Cavendish, ; , 
published his Experiments on Air , in which he investigated thin point as- 
. minutely as “his methods and apparatus would permit; but that he recognised ' 
his own limitations is evident from the following sentence written at the 
conclusion of hig.paper: . if there is any part of the phlogisticated dr 

r of our ^atmosphere which differs from the rest, and cannot be reduced to 
nitrous acid, we may safely conclude that it is not more than T .Uth part 
ofrthe whole.” 1 ■ 

v * This observation remained unnoticed until Rayleigh, in the course of a 
-very'accurate determination of the density,.of nitrogen from various sources, 
observed that* the density of atmospheric nitrogen, %y whatever method 
obtained, was consistently higher than that of “ chemical ” nitrogen, obtained 
'from ammonia, oxides of nitrogeii, otc. This" discrepancy (amounting to 
of the whole) whs much tqo great to be written off' as experimental 
error*.as may be seen from the data quoted below, in which the error of tfie 
extermination docs not excetd 0 0002 gm. 

, Weight of Gaa , 

‘ I. Nitrogen frortf.— in‘large Globe. 

‘ Nitric oxido by red-hot iron (4 expts.) . . . , 2 30008 gms . f 

Nitrous oxide by red-hot iron (2 expts.) . . . 2‘29904 ,<$ , 

Ammonium nitrite ; purified at red-heat (2 expts.) . 2*&986§ „ ^ 
Ammonium nitrite; purified cold .... 2‘29870 „ ♦« 

• >; ‘ ■ Urea and sodiunji hypobromite . . . 2,-29*85 „ 

II. Nitrogen from air:— t " «'•» * 

By m^aus of red-hot copper (1892) . 2*31026 „ 

By means of red-Vot irbn (1893) (4 exf>U.) .l . 2*31003 ,/ , 

,By means of cold ferrous hydroxide ^894) (3 ex^>ts.) 2^31020 ,,/f- 

Meap of Series I. = 2*29927 gms. ,,v V / « 

M&an of Serpfe II. = 2*31016', ( 

Difference 0*01089 £m. «• 

—-*-^- 7 —~ 

1 Cavendish, PM . freto. t 1785,73, 372., ,/ * *' * v * 

m 

i V 



\ tmi *#«'«ensnsy or none or. wiese speQimens jmgt suterec 
ac«ontrf the silent' electrioaj disob^rge*. and demotistfaWjr^ot^y^r; 
■ W .6 the lightness of “chemical 1 " nitrogen was i.ofc due to adnjiXture ..,'ft^i 
arty , known gas Tighter than > itself, such as iiydrogen, afnmonla, 0 l*‘ 
-yapour. 1 # » • , j 

1 The only other jiossible explanatfon of the high density of “atmo 8 Jxb t (Pn.()• , 
nitrogen was the presence in it of some heavier constituent. It was at this pdijM 
*tha;t a search in the literature revealed the astounding*fact thafr the aoflfpted 
view as to the homogeneity of the nitrogen of the air rested»solely upon $J$(B 
experiments of Cavendish mentioned above. It was at once evident that,* ii 
his small residue were a gas having a density double that of nitrogen, ft* 
presence would more than suffice to account for the observed differences. . V ; 

Cavendish had passed sparks from an electrical machine through & mixture 
of air with excess of oxygen (dephlogisticated air) over mercury, and had 
afterwards absorbed the excess of oxygen and oxides of nitrogen by means 
of liver of sulphur. .Repetition of the experiments with improve^.apparatus 
demonstrated that a residue was alvmys obtained, and that its volume W&s 
proportional to the volume of air used. Spectroscopic examination ptov'ed 
•conclusively that it was not nitrogen. • • . 

In collaboration with Ramsay, Rayleigh then obtained this new. gas. frord 
air by absorbing the f oxygen and nitrogen by the action of r$d-hot copper and 
ipagnesium respectively, and it was shown by spectroscopic examinatibn to 
bo identical with the gas obtained by Cavendish’s method. >That the new gas 
was not combined with the nitrogen was proved by its separation by i^tmolysis. 

This new gas had a density of about 20 (H=l), whence its molecular 
weight would be about 40. The high ratio of the specific heats pointed to 
the conclusion that Vs ^molecule was monatomic, i.e., that its atomic weight 
was also 40. To this new cloihent the name argon (dpyov, inactive) was 
given . 2 i , 


At first it did not seeip as if there. could be $ny place in the periodic 
classification for an Element of atomic weight 40, bpt as time went on and 
*>ther members of the group described in this volume became known, chemists 
generally accepted the view, first suggested by Jtamsay, that argon should be 
placed in a new group of the periodic system between bromine and potassium. 
By allocating this position to argon thpre arises an afiotualy which is .even 
now unexplained,ns its atomic weight is greater thai.dhat of potassium which’ 
it .precedes, but tho groator part of the availabfe eviderfee goes to justify- tha 
Acc^)te<4 view. _ v, 

Occurrence. —Argon is widely distributed in the free state in nature,: 
As Ka%already been mentioned, it is a constant cpnstitucnf? of the atmosjphi^ 
It forjnsa 0*941 per cent, by volume of air fre^d from carbon dinxida q j yf 
WoistuVef 8 ayd JL’1845 per cent, by volume of atmospheric “ nitrogen.”®: 
suh$tantial accuracy of^tliesc figures^ lias been verified by calculating^* 
density atmospheric nitre^on from fchAn in conjunction with the knowtr 
•densities of pure^rgoA afid nitrogen. Results «ire thus obtained which jfaW* 


•densities of ppre^irgoA afid nitrogen. Results «ire thus obtair 
cl^SQ^y frith the values found experimentally by Rayleigh * 4 
The proportion of argon in the air appears tobf constant, s 


. „ jp Roy. l5oc. y 1893, 53 , 146 ; 1894, 55 , 340. 

*. Rdylcign and Ramsay, *Fhil, Trans., 1895, i 8 <S, 187. 

^.SmlleSuJg, Compt. rend., 1895, 121, 605 ; Bellas. Proc. Roy. Soc.? 
f BM0wy7>™. liny. Sot. , 1889,6?,>181.. 1 ■- S - 




,„ v „, 

cb» famed ajnotibtrtdf : 4i^to vs 
volume.' 1 * t>vfr the opetf seS,, htf 
19 per cent.) have been found. 4 


.proportion (up to 0"949 per cent.) have been found. 4 ' 

• -From, thp ft;r argon finds its way into sea and river water, 8 and beoause ; t|»iS; 
solubility in water is greater than that <5f nitrogerf, its proportion in the 
dissolved gas is greater than^in air. This greater solubility of argon will alsO'V; 
explain why .the proportion of argon in the gases from the air-bladders of t? 
fishes ia alway higher than in air and increases with the depth from which 
the fish, is taken, 4 aud will account for the low proportion of argon in -air ? 
taken from tho soil, 5 It lias been found free in plants, 0 and occurs in the?-5 
Wood of animals, 7 but not in combination. 8 -"■"--■y'; 

/-’• Afgtn has been found in the gas from the fumaroles of Mount PeUeV 
[(Martinique) and of Guadeloupe. 9 It also occurs in the gases of marryA* 
Mineral springs, among which may be enumerated Wildbad, Black Forest; 10 A 
Ppehtqjdilorf, Vienna; 11 Royjavik, Iceland; 12 Allhusen's Well; 13 Bath and * 
Buxton;*® Old Sulphur Well, Harrogate^ Strathpeffer Wells; Des (Etifs,' 
Cros&r and Espagnol Springs at Cauterets; 14 Voslau; 16 Monte Irono, Abano£* 
Krdeiello, Tuscany; Poretta Baths, Bulognian Appenines; 10 Mount Dor^; 17 
Pey$, Ogen ; Neheand Trou des Pauvres, Dax; Vielle, Eaux Bonnes; Saint* 
^ugpstin, Panticosa; 18 Maizieres, Cote <POr; 19 Raill&re, Pyrenees; 20 Bagnoles • 
^POrrie (4*5 per cent.). 21 0 

EArgon has b<?en found in the natural gas of Kentucky (see p. 302), and in 
ititoy spccimens of fire-damp', 22 in amounts which vary from 0 6 to 004 per 
tpeatr. of the whole volume, but in almost every case are about 2 per cent, by-' 
“Tb&une of the nitrogen present. ^ 

i tll - We now review the inodes of occurrence of ar^on which have bedn 
Numerated, it will be found that in every case the g&s occurs associated with/ 
pa^qgen in proportions which are approximately of the same relative' 

,inaptitude as the proportions of argcra and nitrogen in the atmosphere. 


*' J Rchloesing, Compt. rend., 1896, 123, 696. 

'•^.Moisaan, Compt. rend., 190$; 137, 600. 

^A'roofyand Ouvrar^, Coi.pt. rend., 1895, 121, 798. 

•‘ Sflhloesingaud Ricliard, Compt. rend. % 1896, 122, 615. 

* SShloksing, Compt. re ,d. t 1895,, 121, 604. 

■‘‘A Tplornei, Chem. ZeiCr., 1897,'ti.], 1030. 

‘t'r 7 Bernard and Schloesing, Compt. rend., 1897, 124, 302. 

Bet , 1897 r 30, 965. 

** Jfbfssan, Compt. rend., 1902,135,1085 ; 1904, 138, 936 ; Bull. Soc. chim., 1903, [ 

Kayser, Chem. News, 1896, 72, 89. 

\ Bsinberger, Monatsk., 189 i, 17, 604. 
a, 31 , fellas and Ramsay, Proc. Hoy. Soc., 1895, 59, 68. , 

& 1 * Ffiedlander-, tfeitsch. physical. C7iew.,,1896, 19, 657,: Rayleigh, Proc. Boy. Soc. f 1 
lp98 k ; ' t tt ‘ 

* ^ BAmsay and Travers, Proc. jj’cty. Soc., 1897, 60, 4b2. «• 
jglfc Bambfrger and Landet'sdl, Monatsh. 1898,19, 114. 

^SJW^Anderiftiund Salvadori, Qazzetlu, 1898, 28, i. 81. 

^.Wpa'rmentier and Iiurion, <Cdmpt. rend% 1900, 130^1190. < 

^QiqbTVYipCovipt. rend., 1902, 135, 1335. 1 

Coxh.pt. rend.,, 1895,121, 819. ' < . - 4-1 

Compt. rend,, 1895, 121 , 892.» See also for summary, ItouXfti, $0 
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art Dtogred, Compt. rend':, 189,6, 123, 
«wfc> lWft >*2, 898;«1S98, 
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■ Kfres off ft gag fhroh-'enatraii^js'p'oont 
S|-.?-?V v -'^ h * ^srfHfgjto ■ iohtaaw'abput *1 -24 p*r 
,s fligSi£ eSame , Pf?P or ‘ Ion »* is contained in atmospheric nitrogen,’ "Vft seed* 
P rob able that in aH gneh cases the argon has fr*ir dot®*?! 
|l 0 d>rectiy from the atmosphere.* . *. * * •” “ 

t appears to he generally assumed that the atmospherio argon jS« 
||?Wtod in the elementary state since the earliest stages »f the world’s hh^S 
minerals have been found hitherto which viuld aiW%f 
heating: of these the chief are malacone* and anotlicr mineral from lirr/iU 

sjhjh,? 10te "! ,rth y that both minerals contain large amounts of AftotfiU' 
p^kcone has the formula 3(Zr0 2 .Si0 2 ).H 0, ' 

r'^Jd the Brazilian mineral contains 97 per coni. - 

anc l both are radioactive. Further, it is / v. ! 

. field by Antropofi s that the amount of argon in / g vi \ 

vthe second mineral *s too great to Iks derived / \ Af 1 ’. 

from atmospheric sources. There is, therefore, / >•* V, 

,*t least a basis for the speculation "that argoig I" |C t 

like helium, may he a product of the drain to’ 1 I I If j 

gration of tadioactivc olomonts, but it must bo \ * |p| 

borne in mind that the amount of argon present \ If ]®*// '/■' 

iff quite small. » -v~- ■ 

- *Argon iias also beem found in elinstite, 0 and R Tjr : 

» a cerium minyal from Gov. Jiatnm (South \-l I / 

Caucasus). 7 ' \~I I / ' 

V^solation. —Argon is always obtained from lllffl fl 

.atmospheric nitrogen. , By the removal of oxygen [ H | 

and nitrogen from air fread from oiybon dioxide, BfmtM 

etc,, wo obtain “atinotphoriu argon,” in which ||||| 

the only impurities are small traces of,the other fl| » • ,.. 

inert gases, helium, nepn, krypton, and xenon, I lf 

amounting in ali to about 0'25 per qent., by > jll a! 1 — 1 ^ 
yolnme. i fl hV. 

■ The chief methods used for “atmospheric ’ IS O 

Urgon” are as follows:— J . " I , , 

- (1) Cajendish’s original experiment hao’boen p„i 87 . i. 
developed and modified byEayleighand Kanisay, 8 * > mnliP/atton of Oavendisi^i 

apparatus is represented diagrammatical] v appamtus. , , 1 y- 

in Bg. «7. . * 

■.’The glass flask A, having a capacity of about 50 litres, 'is supbortefe 
inputh Qi^vnwards in a suitable stand. It is closed by a rubber bpng through” 
.pass Ove tidies. Two of those carry heavy copper leads which term£* 
bate' above in the»electrod*s B, a, constructed of heavy platinum rod. - TheG 

nnrtf. f.ljllA R rial I vrava .. __ i /•. K , .. .. . . - ■ a??/:. 


C”7 ' " , :: .Jieuvy piaunuin roa.'~ajtt#ri 

Bent tube D delivers soda scJution against»the,top of <tiie flask So that it rtjnfefr 

”rf;W.Cnand S W,^‘^.^.,18 9Sl n,U3. * *'£'’' 4 $% 

itaJtejMhrdaraIc.pineiitofthiiarpniwBtaee Walter, Thysikal. ZtHtch., 101L tJmi'St 
»« d T»™% Roy- Soc-, im.fo, 412; * 9 * 1 ,m and Wintenon, 

09 , 15qp. • 0 • # 

A h AntropoiT, ZeitxK, Elektrochem - 1908, 14 , 585 . 
tt4»antroJiotf,tVd.,J909 1^444, , 

5m., 1895,50, 133. 

>A Ituu. Phys. Cheyi. Soc., 1897, 29 , 29] 

Tram, Qhtm. iftl, ft, 



tfcfe liquid is ke£t ^n qireulafioti*'by a snm# ij>u, 
j find atone point passes through a wofln pooled externally wit*f $wk 
ntixtuye- of 11, volumes of oxygen and 9 volumes of . air is supplied t W**^*™?* 
the tube 5-‘ « r f • . ■ : 

,t In order to maidtaip between the electro les the potential ■ 

•required to give a steady flame, it is necessary to .use a transform^'^ 
induction coil which* will give a P.D. of 6000 to 8000 volts on open secondary 
circuit. Thifi falls to about 2000 in working, but a transformer giving only.: 
‘'this voltage, or even 4000-5000 volts, oil open secondary circuit will giyfit' 
.unsteady conditions in use and probably lead to overheating and fusion oitfte 4 
electrodes. It is, however, necessary to the efficiency of tho process that the' 
electrodes should bo kept red hot. . . .* 

"■ The primary* current is regulated by means of a choking-coil with 
movable iron armature, and is about 40 amps, at 30 volts. The rate of 
^consumption of energy is about 800 watts, i.e. 1 h.p. ipughly; and the rate 
of absorption of gas is about 20 litres per hour (25 o,c. per watt-hour), whfelr 
may, by paying careful attention to the composition of the gases, be 
maintained until the amount of argon in the globe is sufficient to dilute the 
ga&es considerably. 

Contrary to expectation, increase of pressure does not materially increase 
the rate of combination ; but it has been found that with approximately the 
Same size of f^ame the absorption increases rapidly Wth increase in the size 
of thp globe. 

■'This process can bo pushed to completion and a mixture of argon and 
foxygen obtained, from which the latter gas is removed by alkaline pyrogallpl,' 
^uprammonium solution, or red-hot copper; but it is v found better to use it 
only for the preliminary concentration of, argon and to complete the removal 
of pitrogenjay one of the other methods. 1 

When nitrogen is passed over yed-hot magnesium it is absorbed with 
formation of magnesium nitride,'Mg 3 N 2 , and it was, by systematic repetition 
.of this process tliat Ramsay first obtained argon from ' atmospheric 
“nitrogen.” 2 It has the disadvantage, however, of being extremely slow,'and 
it was early suggested that other metals which more readily form nitrides 
should'- be substituted for the magnesium; chief of tiiose were lithium, 
.Obtained by electrolysis of the chTOrido ; 3 and barium, prepared ijy the action 
.of apdium on barium fluoride or BaNa 2 F 4 . 4 ' . . ar 

, A very rapid method and the best available for some years is also a 
'Modification of the original magnesium method, due to Maq.ienr.e. The 
' absorbent is a mixture of 5 parts of lime, which should be free from carbonate 
■ and hydroxide, aud 3 parts of magnesium powder; 4 and the addition of a 
,'Small proportion of nfetallie sodium is stated to increase 1 the 

.'•adsorption.* . ■ • 

-The mixture is heated to .bright redness'in a glass tube, any hydrogel 
■jOltoarbon monoxide evolved being pumped toff.. Atmospherio nitrogen ”, ii 

. 4 --- A -^- ;s 

l&yleigh, Proc. Ctev\, Soc., 1897*13, 18. * 

t JEUihwy JPhil. Trans., 1895, 186 *200. 

^f Guntz, Cbmpt. rend., 18Va6, 120, 777, 

Compt. rend.; 1895, 121, 887. 

j v* Maquetme, Compt. raid., 1895, 121, 1147. , ,, 

r wACfonmeliti, Proc.<X. Akad, iVetnisch. Amsterdam, 1910, 13, $ also C 
1909, 7, 10& ( ‘ ' 
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then admitted, and the absolution of the nitrogen is ovideijc’bd l>y glow 
wHIch passes along tfle tt#be its the mixture fcecoiyes converted trfto calcium 
nitride. ThoVas issuing from the toub# is freed from traces of hydrogen and < 
carbon monoxide by passage over red-hot copy 1 oxide aifll solid caustic 
potash, and is finally dried by melius of phosphorus pento^jd*'. * 

For the removal of the last traces o5 nitrogen, md-lidt crystallised calcium 
has-been used ; 1 anti the same end is attained 
by maintaining an electric arc between 
calcium electrodes in the gas for twenty-four 
hours. 3 

(3) A method for preparing argon which 
appears to be cheap and effective is that due^ 
to Fischer and Hinge. A mixture of 00 per 
cent, of calcium carbide and 10 per cent. 
of calcium chloride, heated to redness in an 
iron* retort of the iVm shown in lig. 88, 
having the open end water-jacketed and 
fitted with a water-cooled stopper, is used to absorb the oxygen and nitrogen 
from air. • 

The retofl is made part of a system of apparatus indicated m the diagram 

( fi g- 8!) )- ‘.' 

In an experiment tin* re-tort is first warmed and the contained gases are 
pumfied out: the temperature is then raised to 80() J , air is gdmittod, anrl 



P 2 O s 


cone 
~ HzSO*. 


solid 

KOH 


red hot 
CuO 


circulating _ 
•• pump 


• • iron retort containing, 

^gao-holders - r Qg Cz & Ca Cl? 


Km. 89. 


wh§n the oxygen and nitrogen have been absorbed, more air is^idmittcd from 
tii£c to time compensate for this absorption. Whyn the whole apparatus 
ii fall^pf impure argon the gas is circulated through the system until no 
.further absorption is indicated by the manometer. • 

The chemical changes wlTii.1i-lake, place .#0 as # follows-—nitrogen acts 
upon calcium*carbide to Joitn gftleimn cyanainifl# and^arbon, the .carbon 
unites with <%ygen to foriti carbon dioxide (wliieb is absorbeiWjy the calcHftn 
cavbide“with formation of calcium carbonado and cfti^on), and some carbon 

•- . •* * * • . .* - 

1 Motssan und Kigaui, Compk rewt, 1904 I37> 77-i; Ann. Cfhm. I'liys ,, 1904, U'iii.], 
ft, 433; Fischer aiii Haunel, Bcr m , 1910, 43> 1435; Guilt/ and Russet, Bull. Soc. Chitn.. 
1906, [3], 35 , 404. 

8 Fischer and lliivici^ her., 1909,* 42 , 527#.* 

VOL. I. 
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monoj!de whith in turn is oxidised by the copper oxide to carbon dioxide and 
absorbed bry«tho potash. t * * g * ■ 

Eleven litroa of fairly pure argon wer» thus obtained in tvjp days by the 
* use of 7 kilos erf calcium carbide . 1 4 

(1) AVtfod ipethod for the laboratory •preparation of small amounts of 
ajgon depeufls on flie»facj that commercial compressed oxygen, prepared by 

c fractional distillation of liquid air, contains over 3 per cent, of argon land 
but little nitrogen, c If thfi oxygen be removed by means of red-hot iron or 
copper and tjjo residual gas freed from nitrogen by one of the above methods, 
a fairly pure sample of argon is readily obtained . 2 * * 

The argon obtained by any of the above methods always contains a small 
proportion of the othor inort gases (0'25 per cent., of which the greater part 
is ne®n) which cannot, of ooufse, be removed by chemical methods. Tho 
isolation of pure,,argon from the mixture may bo carried out by one of the 
following methods:— 

c (1J Fractional diffusion. n 

( 2 ) fractional liquefaction of the gas or fractional distillation of the 

liquid. 

(3) Fractional crystallisation of the liquid. 

’ (4) Fractional absorption in cooled charcoal. 

Of those (I) is too slow and troublesome to be of much practical use, and (3) 
presents great experimental difficulties, and has only been carried out for the 
accurate determination of tho atomic weight (</.«.). dloth tho other methods, 
( 2 ) and ( 4 ), are good, but ( 2 ) is perhaps the simpler; it is quite easy to 
separate argon from helium and neon, on the one hand, and from xenon and 
krypton, on the other, by fractional distillation at the temperature of liquid 
oxygen . 8 

Physical Properties.- Argon, liko.the other 1 members of the group, is 
a colourless, odourless, tasteless gas. 

Many determinations of its density have boeil made ; the more important 
results are tabulated below (referred to 0 2 = 32):—. 

(o) 19-940,* (4) '"19-957, 5 °(c) c 19*945, 6 * (d) 19-95/ (e) 19-972S. 8 

(a) This result is (lie*mean of a number of density determinations made 
on “atfnospherichrgon ” containing all the helium, neon, etc., present iu tne 
original air. Tho «r?cond figure \b) is for tho rniddlq fractions‘'obtained in 
the evaporation of liquefiid atmospheric argon, whilst the third (c) is a more 
recent determination made on material similarly prepared. Thejourjh figure 
( d ) was obtained with argon purified by fractional crystallisation, and identical 
results wore obtained with tho samples of gas taken from the solid,and liquid 
tractions. 'The fifth (e) ( was obtained with spectroscopically ppre^gas. 'fho 


1 Fischer am] Hinge, her., ISttf, 41 , 2017 ; Fisfii*.-, ZeiUc[i. Eleklnchcm., 1907, 13 , 

107; Her., 1907, 40 , 1110 ; O/ofJs, Trans. Chew. S<J;, 1J1B, 107 , 305. * 

2 Claude, Otympt. rev’ , 19f0, 131 , 752 ; sec also.thloveyfj. A^er.,Cliem. Hoe., 1912, 34 , 

49V* .Stark, Physical. Zatsch., 1913, 14 , 497. * ^ »• ^ 

1 Crommolin, Pm. K. Ateid. WeteQseh. Amsterdam, 1910, 13 , 54. 

* Rayleigli and Ramsay 1 ; Phil. TVajI, 1895, 18 &, 187 ^Ra^leigh, Pm. Roy. Sue., 1£96, 
59 , 198. v * • 

6 Ramsay, Per., 1898731 , 3111 ; Ramsay lyni Travers, Croc. Pay. Him,,, 1899,0^, 188. 

6 Fischer and Halinel, Bcr. , 1910, 43 , 1435. “ 

\ Fisdficr agd Frobowc, Bcr., 1§11* 44 , 92. 

• 8 *Sc«Ult a , Ann. Physik, 1945, [iv.], # $ J99. 
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accepted figure for the density 1)f argon is 19 95, i.e. the weidTlt of a W’mal 
litis of argon is I'792 guams. Schultze givo| the value 1*7837$ grams, and, 
by the method of limiting densities,* finds that* the molecular weight is 

39'94S- ' • 

Argon, like helium, expands i&nnally with increase of tymp^rrfturo from 
0° to 280°: its coefficient of expansion is O’OOIffifiS. 1 , * * * , r , 

"The/w isothermals for the gas between - 150° and + 20° and the reduced 
equation of state hav*» been studied by Onnes aifd Crommelin.% The com¬ 
pressibility coefficient of the gas at 0 * C. and between 0 and # l atmosphere 
has been calculated by Watson to be +0 00093. a i 

The solubility of argon in water is about 2 J times that of nitrogen— 
roughly 4 vols. per 100 vols. of water at ordinary temperatures . 4 

The absorption coefficient, measured accofding to the method of Estrcicher, 
is 0 0561 at 0° and 0 02567 at 50°, and appears to shower steady fall with 
rise of temperature . 5 Fox has shown, however, that these results may bo in 
error by as much a§ 5 per cent ., 0 and greater weight must thei^fgro be* 
attached to the determinations of AntropotT , 7 which give for the solubility 
coefficient tho values 0 0561 at 0°, 0*0379 at 20°, and 0*0.143 at 50°: the 
results show a distinct minimum at 40°. « 

Argon dbc* not conform strictly to Graham’s Law, but diffuses tbroitgh 
a minute holo in a platinum plate 3A per cent, faster than wouhfbe Anticipated 
when compared with o*ygen. This behaviour may be explained by taking 
into*account the high ratio of the specific heats . 8 Argon diffuses through a 
caoutchouc membiiune 100 times as fast as carbon dioxide . 9 

The viscosity of argon is high -about 1*21 times that of air 10 ---and in 
respect of this property it heads the list of the principal gases. Thfc 
coefficient of viscosityin absolute (C.G.S.) units has been determined Iw 
different investigators, wifh the results given below :— 


r1 x lo 7 . 

• 

• 

# Tt'/uperfl'u/e. 0 

- ■ i 

Obsencr. 

2203 

• • 

14°’7 

Schultze. 11 

2200 

12°*0 ) 

• 

2746 

99° 6 [ 

TtfnzlerJ 2 

3231 

183°*0 1 . 

• • 

2201 

15° -5 

Raiibim* u 

2102 

• 

o°-o 

• Rankiur. 14 


9 _ _ ... _ 1 . _ 


* ivuencn and Randall, Proc. liny. Hoc., 1895, 59 , <10. • 

4 Onnes and Crornnielin, Proc. K. Afoul. IVetewh, Amsterdam, 1910, 13 , (ill, 1012; 
1911, 14 , y38f 1912, 15 , 273, 952. Holborn and Schultar, Ann. Physik, 1915, [ivA 

. m * 

3 Watson, Trans. Chem. So£, 1910, 97 , 833. 

* Rayleigh and Ram.^y, Philf Frans., 1895, 1 C 6 , *87. 

8 Eslreichea, Zeilsrh. physika^ Ch\m., 1899, 31 , 176.. • 

8 Fox, Trans. Fjiraiay Sfa., 190*, 5 , 08. * 

7 Antjopdffi) Proc. Toy. Abe., 1910, A, 83 , 474. 

8 Iftnnan, Phil. May., 1900, [v.], 49 , 423. ,, 

, 9 Kistiakowsky, J. Rtvs+Chfm. So*., 1897, 29 , 291. 

10 Rayleigh, Proc. Roy, Soc., 389(L 59 , 198. . 

11 Sbhultze, A^n. Pjiys., 19#1, [iv,], 5 , yo. 

19 Tanzler, Bm. deut, phys. Cfas., 3906, 4 , 222 . 

13 Rankine, Prsi. Roy. Soc. t 1910, A, 83 , 265, 5J6. * 

14 Rankineft&wl., 1810. A. 8 a. lal. • . * 
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Rtyloigh observed that the viscosity oi argon ipcroased, with ris^of 
temperatufe‘more rapidly fhan&id that of the comfhon diatomic gases, 1 and 
t Rankine 2 showed that if this increase%lfcwed a linear lay of/he type 

r ^ •, %=% o +w> 

n 

!• » ft 

( then /3, tho temperature coclhcient of increase of viscosity of the gas,<«ha8 
the value 283 x It)" 5 > „ 

v The rejmctivily of argon lias "been determined by methods essentially 
.similar to thoso described under Helium (p. 310): the principal results are 
tabulated below: — 


1 Wavc-LcivjUi (\). 

(g-l)xlO 1 . 

Remarks. 

A uthority. 

' Ufhjto light 

2808 \ 

Assuming value 2922 

( R.yK-gi 

2828 / 

for air (\ = 5894). 

1 Ramsay and Tiavers 4 

1 6503 

2829 


burton. 6 

\ 5896 

2837 



6-139 

5790 - 70 
' 5161- 

2790 
' 2803 

2810 


Ahrherg. 0 

4359 <■ * 

2851 



5461 

2823 


C. and M. Cuthbcrtson. 7 


Burton expressed his results by the formula 


(cf. Helium, p. 311), but C. and M. Cuthbcrtson give preference to a formula 
of the Sellmeier type, 1 ' 


At N.TSP. their, values for the constants m this equation are given in the 
following table, together with those calculated from other resists, for the 
sake of comparison :— * ' * 


- 

CxlO- 27 . 

VxlO' 27 . 

burton . ... 

9 124 

10335 

Ahrbcig 

7 437 

13510' 

C. and M. QuthbciLym , 


17009 



'. 


1 Rayleigh, Proc. Roy, Sue., 1900, 66, 08 

2 Rankine, loc. cU." 1 '>> - e 

8 Rayleigh, Proc. Roy. Roc., 1890. 59 , 203. 

t 4 Ramsay and Triers, ibid., 1897. 62 ,,-225 ; 1899, € 4 , 190 1 190.1, 67 , 331. '* 
6 burton, ibid., 1908, A, 80, 390. 
t " fchrbgrg, Inaugural Diss'., Halle, 1909. 

V 7 VC. pnd M. Cuthbertsor, Proc. Roy ? fibc., 1910 , A, 84, 13 . 
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•aiguu mis a verydow dielectric cohesion (38)— onc-f f th thftt pf # air ^205), 
and one-elcvifcith that of hydrogen ^ 19). 1 * lif this respect it shows a 
resemblance tipthetononatomie vapour of mercury, the dielectric cohesion of 1 
which is 0*85 that of air-a vpry low figure considering tin* density of 
the gas. 2 The dielectric cohesion of argon is unaffected AiyMouig# iff pressure, 
but.is markedly increased by admixture with other gas< s^ win*(nor diatomic 
gases-liko oxygen and mtrogen or the vapour of mercury 
' The spaik-gap (sparking distance) is about 40 per cent, great A in argmi 
than in air, hydrogen, etc., under comparable conditions (M- Helium, p. 312). 3 9 
The lines seen in the spectrum of argon vary with the conditions. 1 Tf a 
discharge at 2000 volts be passed from a stoiage battery (or other similar 
source of continuous current) through thosgas under reduced pressure, it 
emits a red glow; but when the discharge is oscillatory (e.y. with a spark- 
gap and condenser interposed) the colour of the light at once changes to blue. 
Proxjrnity to a Her/, oscillator will bring about a similar change in the # 
character of the light* and a (Jeissler tube containing rarefied arg$fi*may, 
consequently, be used to delect electrical waves. 6 Stead has stated, as the 
result of investigations with a lime cathode, that the red spectrum is^the 
spectrum the positive column — even when produced under very low 
pressures--while the blue spectrum is that of the cathode brtuu*!’ 

A very large number # of lines in the spectrum have boon «,f-asured, but 
only^the more important of these are given in the following list. The reader 
desirous of further detail is referred to the original memoirs. 7 • 


“RED” SPECTRUM OF ARGON (Uncondensed Discharge). 


U'ac, Lmjlh. 

Intensity* 

• . 

IVace-Length. 

_> 

Intensity. 

IVavc-Lingth. 

Intensity. 

7000'(J . 

7 

42*72*30 

% 

4182*00 

- 

l>9W*-8 

8 

4266*42 

• • 

4*64*30 

7 

Jij07'44*X 

8 

4259*49 

9 

4158*72 

10 

If.tO’Sj 

7 

1200 80 

10 

• 4014*56 

8 

4848-11 

8 

■110.8 16 

10 

#5949*1 1 

.« 

4340 32 

7 

J 4191*84 

10 

8834 It 

*8 

4338 71 . 

8 

t 4190*81 

# 7 

3547*79 

07 

— 4300-25 

. .. 

8 • 



» • 



^ Bouty, {h>mpt. rend., 1904, 138 , 616; 1907, 145 , 225 ; Ann, Chun,. J'hys , 1911, 
[viji.1, 23 , 5« 1^13, [viii.], 28 , 545. , • 

• 2 Compt. rend., 1904, 138 , 1691, and lac. eU. 

3 See also, EworS, Ann. PhysM, 1905, [ IJ, 17 , 781. 0 

‘ Friedlander, Zeitsch. vhysikal* (them. , 1896, if, 6 y. • 

' ~ ‘ .. ‘ •* ’ .. , 1897, [v.3, 


43. 


* Trowbriclge^nd Rickards, Arn^r. „J. Sci., 1897, [iv.], 15 ; Phil. May., ] 

’» Stead, PrU-.Cmb. fail. Vo*., 1912, 16 , 607. ** .* 

7 Edef^nd Valenta, Anzeiger K. Akad. IVm. 0 l Vim, 1^95; Sitzungsher, K. Akad. 
Wins. lVien, 1895 ; J)enkst$r t KJAkaik JVtss. JV&n, 1896. KJyscr, Astrophys. J., 1856, 
4 , 1; Sitzungsher. K. Akad. iViss^ Berlin, J89o. p. 5|1. Crookes, •Thil, .Trans., 
1895, l8d, .248: th£ red end of the rejj spectium has beeif investigated By fringe, 
Astrophys. J .. 18flS, o, 281 ; Rlingo and P.ischon, ibid., 1898, 8 , 99. These results art 


Astrophys. J., 18*9, 9 , 281 
, summarised in Watte 
canal-ray spectftim«of 
1918, [iv.], 43 , 241. 


are 

the 


Index of Spectra, vol. F, i>. 21 f vot. H, p. l,«rol. M, g. 14. % Fob the 
argen see Stiftk, Kirschbaiyn, and Kunzey sfyin.f.Ptysik, 
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' “BUJE” SPECTRUN[ OF ARGON (Condensed Discharge). 



- 

— --* 

r 

- 7 ->“ 

Wave 1 Length. 

r 

Wave-Levy'k. 

Intensity. 

irme-Length. 

Intensity. 

t 

Intensity. 

' 6559-02 

8 

3781-02 

7 ‘ 

3285-91 

7 • 

4880-00 

8 

, 3729-45 

9 

•2942-94 

7 

4806*17-. 

[y 

3638-02 

7 

' 2806 "3 

8 

4609-74 , 

7 

3588-63 

9 

2769'7 

8 

4426-17 

8 

3582-56 

7 

2768-9 

8 

4348i22 

9 

3576-81 

8 

2744-9 

8 

4104-11 

7 

3561 -21 

7 

2708-4 

8 

4014*00 

7 

35£»9 70 
3546-01 

8 

•2647-6 

8 

3C2876 

7 

7 

2‘>16-8 

8 

386872 

7 

3545 79 

7 

-2515-6 

8 

3850-72 

8 

3491 -72 

9 




The, Doppler effect has been observed for certain lines in the spectrum of 
argon . 1 

Argon is diamagnetic . 2 

■ Tho tIpmnal conductivity of argon, K = 0-00003894 at 0” C . 3 When this 
value is subsHtuted in the equation 

K=/.i;.c„ 

where T/ = the viscosity and c„ the specific heat of the gas c.t constant volume, 1 * 
we find (as in the case of helium, q.v.) that 

/= 2-501. 

This value approximates closely to that obtained theoretically by the 
development of Maxwell’s theory, and therefore affords evidence for the 
simple nature of the argon molecule . 1 - 

Determinations of the thermal conductivity of aigon at very low pressures 
gave peculiar results'which are ; t present unexplained . 6 

Direct determination of the specific heat of argon at very high temperatures 
(1300°-2500° C.) have,been made by exploding the gas with a known amount 
of electrolytic g-itfin a large spherical bomb provided with a special device 
for detecting and re/'ording prossu'i-c variations, it. w.ys thus found that at 
oonstant volume the molecular specific heat is 2'977 cals . 0 

The specific heats at constant pressure and constant volume at ordinary 
temperatures have not been determined, but the ratio between these quantities 
has been found by the method of Kundt’s tube (vide Helium, p. 316). ■ A 
particular tube, winch gave in air the value A/2 = 3467 mm., g^ve in argon 
A/2 = 31 ’68 mm.; whence y - l (15. 7 , ." 1 

Liquefaction.—No difficulty is met with'in the production of both, 
liquid and solid argon, as the 1 ‘ jiling point and melting point lie between the 
boiling-point of freshly prepared liquid air dud that of liquid air which has 
beer; kept. , r ‘ 

1 Dorn, Physikal. Zeitsch., 1907, 8, ( 589. 2 Tl.nzleiy, inr. T %ysik, 1907, [iv.], 24 , ° 88 . 

3 Schwarze/'i^Tm. Phynk, 4903, [iv.], J,I, 303. , , 

* V.f, Wachsmuth, pit pika!, '/cited,., 1908' 9 , 235. e . .. 

3 Soddy and Berry, Proc. Key. dec., 1910, A, 84 , 576. 

«, Tkif^eitxh. Ekkttwhr.m., 1909, IS, 636. 

■t' lfajdeijd' and Ramsay, Pl.il. Trane., ')*», 186 ,187. Sm also OtriWer, Per. deut. 

physikal. (ice., 1914, 16 , 615, 
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# Liquid aigon is colourless and transparent and boils at -18(H° 1 at 

the boilmg-pdnt the density is 1*4046 : 2 -who! coojed by externa? rAeans or by 
its own evaporation it solidifies to a* wifi to mass which crystallises in the rogu- A 
lar system, 3 and melts at - 187°*9 0., less than 3* below the boiling-point. 

■ The critical constants of argofi are as follows:— 0 * 

• • 

Critical temperature 1 . -122**41 

Critical pressure 4 . ... * 47*i*!)0 at mo* 

Critical density 5 .OTHM) gni./fe. 

The triple point of argon is - 189°*3.° The vapour pressure of solid argon 
is 411 mm. at - 190°*9: by addition of oxygen it is raised to 420 mm. at 
that temperature and then remains constant, m spite of continued addition 
of oxygen, as long as any solid argon remains. We are lure dealing with a 
saturated solution of solid argon in liquid oxygen ; it contains 92*7 per cent, 
of argon by volume, And the vapour in equilibrium with it contain^97’8 pe# 
cent, of argon. 7 Tho vapour pressures of liquid argon from the critical tem¬ 
perature to tho triple point and of solid argon from tho triple point to 
-206°C. have been determined, and from these duty it has been calcinated 
that the molecular heat of vaporisation of the liquid is 12*92 caloriofi at 
- 125’*49, 24*01 calories at - 140"*80, and 35 00 calories at 06.' 5 

# The equation for th*e rectilinear diameter for argon has bfh*n found to be 
D, = 0*20956 - 0*00262#)£ (temperature in degrees C.). Thc-cocfficient of i, 
i.e. the slope of *1110 diameter, is greater than for any other gas except 
xenon. 8 The density of liquid argon varies from 1*1233 at 8 Tabs. to 
1*3845 at 90° abs. 2 ' 

In conclusion, it rrmy be of interest to note that it has been recorded wn 
one case 0 that argon^xRihited “phosphorescent eflecls” during an experi¬ 
ment in which it was repeatedly passed over heated metallic .calcium and 
copper oxide respectively. The phosphorescence is stated to have become 
mo^f intense as the gas*became purer. Ni?attempt seems to have been made 
to*explaj^this phenomenon; but thero is at least a Superficial resemblance 
to the observations recorded under Neon (p. 328)^ and the matter appears to 
,be worth further investigation. 

Chemical Inertness.—Argon is generally believed .to he chemically 
B inert, butflfc may be^pf interest to give an account, as %is done in Lht case of • 
helium, of the experimental evidence upon wliich*this belief rests. 

‘Argon is not acted upon by any of the agents--magnesium, calcium, 
lithium, calcium carbide, oxygen, potash, copper oxide, elc.—ulcd in remov¬ 
ing nitrogen and oxygen from air and in purifying the residual gas. This is 

* 1< ?f^msay # an'j leavers, Phil. Trans , 1901, A, 197 , 47 ; <*/. 0!/».*w$ki, ibid., 1895, A, 
186 , 258. * 

8 Balyiand Don nan,. Trans fJ/ftm. Soc , 190^ 8% 914. • 

• 8 Wald, I foe. Roy* Soc., 19 V, A’ 87 , 371. , • 

4 Crommjlin, JlrocfK. At ad. Wmnnsrh Amsterdam, 1?10, 1^,54. • 

5 Oj^mmeAn, ibid., 191u, 13 , 607 ; rj. T«c= 117°*4 C., l\-52 , ft*itnio3. (Kama*/ Ind 
Travers, Proc. Roy. Soc., 67, 329), D* = 0*5149#(Ooldhaipnier. Zntvh. physical, ('hem,, 
1010, 71 , 577), also Dk-* 0»63Q^ (Maflfiias, Onnes^nd Crmnmflin. ride infra). 

. ^rommelin, Proc* £. Akad. f-Pttensrh. Amsterdam, 1913, 16 , 477; ltfl 1 , 17 * 275. The 
triple-point'presfcure «iB 521*1 mm. (Hoist and Hamburger, *Pro<\ K. Akatt. Wetemch. 
Amsterdam, 19f6, 18 ,’872.) • 7 Inglis % /%t/. Mag., 1906, [vi.], XX, 640. 

8 Mathia% OShes, and Cromn^din, Pror K. tAkad. Weteitkh. Amsjfrdmfh,, 1JU3, 15 , 1 
667, 960,^ * * *• “•Kischfi* and Huhnel. Ber., 1910,* 3 . J43fc. 



342 MODERN INORGANIC 0 %HEMISTipr. 

‘ f , (' 

evidenced by 'clje fact that the proportion of argon iq air determined £>y 
processes involving the use,of th'sse reagents agrees ftith that found "by other 
( methods. Moreover, it does not combine with titanium, boro/£ or uranium 
when heated in‘contact with these elements, or with fluorine at the ordinary 
temperature or uudpr the influence of the electric spark. 1 * 

, Rayleigh and Ramsay 5 6 attempted to cause' argon to combine with fhe 


H 3 agents enumerated below, but in no case was thete any absorption of 
the gas:— , • ' < 


‘Hydrogen. 

Chlorine. ’ 

Phosphorus. 

Sulphur. 

Tellurium. 

Sodium. 


Sodium hydroxide [ (at red 
Soda-lime { heat) 

Potassium nitrate (fused). 
Sodium peroxide. 

Sodium persulphide. 
Calcium persulphido. 


Nitrohydrochloric acid. 
Bromine water. 

Potassium permanganate 
and hydrochloric acid. 
Platinum black. 


Other experiments havo shown that argon is unaffected by a carbon arc 
maintained in the gas for several hours, or by the silent electric discharge 
in juvsence of the vappur of carbon tetrachloride. 3 By the action of pro¬ 
ducer gas (whi^h of course contains argon) on a mixture of barium carbonate 
and carbon\at % the temperature of the electric arc, a product rich in barium 
oyanide is obtained, but when a sample of this material was completely 
decomposed according to Dumas’ method the nitrogen recovered was found 
to contain no argon. 4 Similarly, it has been proved that argon has no .action 
on magnesium, as the magnesium nitride obtained by heating the motal in 
idr, on treatment with water yielded ammonia and a small amount (50 c.c. 
from 500 gm. nitride) of gas which was shown to cpntt.in no argon/’ Argon 
does not pass through platinum, palladiufn, or iron <?t 900“-950°, under a 
pressure of 1 atmosphere, and therefore forms no compound or solid solution 
with these metals. 0 It has been shown independently that argon has no 
appreciable solubility in solid or liquid copper, silver, gold, nickel,^iron, 
palladium, aluminium, magnesium', uranium, or tantalum. 7 > 

It has been suggested that this inertness might be purely a matter of 
temperature; and argoi> at ordinary temperatures has been compared with, 
mercury Vapour, vdrich at 800° 0. would appear to bo incapable of combining 
.with any other element. 8 This analogy is obviously upper feet, AVI argon, 
should be compared vather tfith non-metals of low atomic weight and density 
than with mercury. 9 

It seemed likely that any compound of argon that might be produced 
would bo endothermic, and, very possibly, unstable: if this were thp case i't 
might be possible to cause its formation at a high temperature aird preserve 
it from decomposition by rapidly cooling it to a low temperature. Fif/:ier, { 


1 Moissan, Compt. rend., 188^ ? 20 , 966. < 

* Rayleigh and Ramsay, Phil. Trans., 1895, 186 , 1#/. 

3 ’Ramsay and Coil.e, Proc. Roy. Soc., 1896, 6 o, 53. ~ 

4 Ramsay and Collie, loc. cit.< 

9 Rayleigh and Ramsay, Phil. Trans. t 1895, 186 , ft7 ; dftokmf' Chem. News , 1895, 72 ; 
99; Ramsay, ibid/, 51 ; Per., 18'8, 31 , 3111»* < , 

6 Rapisay and Travers, Proc. Roy. Soc., 1897, ' 61 , 267. 

7 Sieverts and Bergncr, Per., 1912, 45 , 2576. 

8 R^'lei^rvarifl Ramsay*/ loc. tit. ' 

B See Hal, ( 4'ner. J. Sci., 1895y. [iii ], 5 f>, 
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u^rerore, advised ai* apparatus in which an vi spun uisonarj'e ccnhd be 
maintained between metallic electrode^ submerged in liquid argon. Various 
metals were used ^-cadmium, titaifluni, tin, load, antimony, # and bismuth— 
and in some cases small amounts of metallic nitride were formed from traces 
of nitrogen present in the argon, nut in no case was any eridonue •btained of 
combination between the metal and urjon. 1 

Such aro the negative results hitherto obtained : it is, however, accessary 
to give a bvcf resume of those cases which have been put forward as positive 
evidence of the formation or existence of compounds of argon. • 

It is a fact that if a powerful discharge bo sent through n«gon in a 
vacuum tube having platinum or magnesium electrodes, the spectrum of the 
gas gradually diminishes in intensity and fiddly vanishes. This phenomenon 
at first received the obvious explanation— that the argon was absorbed or 
occluded by the electrodes; 2 but it is now known that? the inert gases, 
when freed from ordinary diatomic gases by combination of the latter with 
the electrodes, may Become fluorescent and even non-conducting at fn'$ssure£ 
measurable on a mercury barometer. 3 On the other hand, attention has 
been called by Itamsay 4 to the fact that electrodes of platinum, magnesium, 
aluminium,.zinc, cadmium, antimony, and mercury* always exhibit nipre 
“spluttering” in inert gases than in hydrogen, oxygen, nitrogog, etc.; and 
that vacuum tubes filled with inert gases that have been confined over 
mejjpury more frequently show the spectrum of mercury than do tubes 
similarly filled with ordinary gases. • 

Again, Cooke Itas stated that the vapour-density of zinc is 12 pc* cent, 
higher in argon than in nitrogen, and this has been put forward as evidence 
of a tendency to form a compound. 5 6 But it has since been shown that 
Cooke’s results are untrtist^vorthy, and the vapour densities of zinc, aluminium, 
and magnesium are uwift’ootod by*the presence of argon: 0 this argument 
therefore falls to the ground. * 


A very extensive series of (yeperimeffits w^is made by Berthelot in order to 
ascetf^n the effieot of tlfe silent electric discharge on fixtures of argon with 
the^vapo^fl^of volatile organic compounds—?lioth fatty and aromatic—and of 
carbon disulphide, in presence of mercury vap*)iir. With the aromatic 
compounds (but not with the aliphatic compounds) an absorption yf argon 
was recorded in every case. The diminution in volume of the gas^ varied 
.jjrom 1 per*cont. to 8#per cent, in various experiments, iftid was accompanied 
by a green luminosity the spectrum of which showed fhe lines of argon, 
mercury, c<v‘bon, and hydrogen. 7 • 

At one time.it seemed probable that sufficient care had not been taken to 
eifkure tln^ removal of nitrogen from the gas, and that thephenomena observed 
ware due* t® the presence of that gas; 8 but Kaiysay has repeated these 


1 Fischer and Iliovioi, 41 , 3802#m^4449 ; 4909, 42 , fci7 ; Fischer and 

Schroter, j3?r.,J.910, 43*1442 and 1404.. • 

* 2 Troost and Ouvraml, Compl* retfl. , 1895, 121 , 39v;«Friedlajider, Zeitsch. ^physikal. 
Chem. t 1$96, fg, 657. T • 

3 Sodfly, Proc. Roy. Soc. } 1907. 78 , 429. . 

4 See note to paper by-Cqpke.#7 > m-.#A’oy -SV.,f906, A, 77^49. 

* B Cooke, Zeitsch. physiketf. <%em.. 1900, 55 > • 

6 Von Wartonberg, Zcilsch. ftiioryr Chan. , 1907, 56 , 320. • 

7 Berthelot, tjbmpt* rend., 1895, 120 , 681, 1316, 1386 ; 1897, 124 , 113; 1899, 1 ^ 9 , 71, 

133, 378. * * • . . 

6 Of. Don#an<l Erdnifum, Annfthn, lf^5f 287 , 230 ; .Berthelot, Compt^jen^., #1897,. 
124 , 528. ' • * . 
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eiperin'ents r apd^has found that whilo both argon ana nitrogen are present, 
the ordinary violet glow is observed, bi^t when all nitrogen has b^en removed, 
f whe tube gives ^ brilliant green glow winch shows the mproi^y spectrum. 1 
The contemplation of these results has a v f ery disquieting effect upon the 
mind accustomed' to regard all those gases as invincibly indifferent to all 
other elemouts, and further experiment seems Co be needed. t 

Villard states that wher pure argon is compressed* at 150 atmospheres 
in the presence of water at 0°, local supercooling causes the formation of a 
solid, crystalline hydrate. The dissociation pressure of this body is given as 
105 atmospheres at 0° and 210 atmospheres at 10°. 2 

Detection and Estimation.— The detection or estimation of argon in 
a mixture of gasos is carried out* by methods essentially the same as those 
used for its preparation. For example, in detecting the argon present in air, 
oxygen is absorbed by metallic copper, and nitrogen by heated lithium, calcium, 
or Maquenne’s mixture, and the residual gas is examined spectroscopically, 
f'airly'Complete removal of nitrogen is necessary, as'its spectrum readily 
masks that of argon : even 37 per cent, of argon in nitrogen can scarcely he 
detected spectroscopically. 8 To estimate the amount of argon present the 
same procedure is followed, except that special precautions are t^ken to pre¬ 
vent any leakage of gas, and the last traces of oxygen, nitrogen, and hydrogen 
are absorbed Isy red-hot metallic calcium. Tho method of using lithium as 
an absorbent for nitrogen, etc., has been elaborated and used moro especially 
*by Sehloesing.* c 

The purity of argon may be tested by a determination of its dielectric j 
cohesion: 1 per cent, of air or other diatomic gas multiplies it about 2£ 
times. 6 

Atomic Weight.—As argon forms no definite ‘compounds its atomic 
weight cannot be determined in the usual manner; indeed, the usual chemical 
conception of the atom as the least part of an (dement which exists in the 
molecules of its compounds cannot be Hbld in reference to argon or any other 
of the inert gases. The molecular weight is determined accurately from.the 
density; and there is much evidence for the belief that the m^eculer is 
monatomic and that, therefore, the atomic weight is identical with the 
molecular weight. ' f , 

Argpn shows'a close resemblance to the monatomic vapour of mercury in 
possessing a very low^'dielectivc cohesion (see p. 339), a tv-1 the valife obtained 
for the thermal conductivity of the gas points to simplicity of molecular 
structure (soe p. 340). What is usually regarded as the most cotjolu'sivc 
evidence in this respect is obtained by the determination of the ratio of the 
specific heats at constant pressure and constant volume: the vjilue 1 ’03, 
obtained for argon, is i/i agreement with that calculated fronp- theoretical 
considerations 0 and found in the case of other gases which a^e {ilmost co^ninly 1 
monatomic. 7 L J. Thomson’s mqthod of an^lysiu by positive rays points , 
definitely to the same con^lusiofi (p. 295). ’, 0 ' 

"* *' 4 ’ , * 

' 1 See note, loc. clt. 

* Villard, Conipt. rend. ,*1896, 123 , 3T7. 

8 Collie and'-P.amsay, Proc. $oy. Soc'., 1896, 59> 257; Sell mult, Ann. Physik, 1904, [it.], 
14 , 801. ■ v f 1 v 

4 Schloesing, loc. eit., 

5 $outjvi Compt. rend r 1907, 14 b, 225. 

H . See tliisWol., Part 1., p, 97 t . '• 

" See IT chum' p. 823. 
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* jne wcTrk of laotvqs, Kamsay, and Shicius nas snow* mac im~ nor 
assooiating ftiuids the value of the (jite ol*eha»ge of the mofeifolar surfae 
energy with tie ijpmporature is approximately constant (C.G.S. - 2'12 units) 
The surface tension of liquid arfjm has been determined by obijpiyation of it 
rise in a capillary tube, 1 and from these results tin; nx'rtecuja* woight 0 
argon in the liquid state is calculated to bo Ilf.-9, a figure, in suffioier.tl; 
good agreement with {he accepted value .19 9 (0 , 16 ). « 

Lastly, there is the evidonco of the general relationship of argon to„ib 
other inert gases and to the elements in the first and se'wnth'groups of tb 
periodic system. With one exception those relationships are in igreemen 1 
with the position in the system occupied by argon, if it is given the atomt 
weight 39-9. The exception is, of course, Aho anomaly that exists in the fan 
that argon, if it is to occupy a place among the elements of GroupT), mns 
precede potassium, the atomic weight of which is 39'1. This disturbing fac 
mqst not, however, he. permitted to obscure our vision of the greater numbe 
of considerations which confirm the accepted atomic weight. ». • • 

The International Atomic Weight Committee in 1911 adopted the valm 
39 ' 88 , which is still (1917) to bo found in their table. The density measure 
ments made by Schultzo in 1915 indicato that «this figure is tob # lov 
(sec p. 337). . 

v>Application. —Ar^on is used for filling certain types o[ wtetal filamen' 
electric lamps 2 % 


1 Walden, Zeifsck ph ysifca/.. Chcm., 1909, 65 , 129 ; |»,ily and Doimau, Traits. Chem 

Sue., 1902, 81, 914 ; RudniT, Ann- Fhysik, 1909, [iv.|, 20, 751 ; Crommehn, Fror. Chem 
Hoc., 19M, 30 , 248. ‘ * 

2 In this connection, for the analysis of argon-nitrogen mixtures, s<<- Hamburger «m 
Filippo, Chem WeeH/ad., lt>15, 12, 2? ZnMi. auqra t'hnn , 1915, 28. 75 ; Holst am 
Hamburger, Five. K. A km. Wdensr.h. A mdrrdam, 191(5, 18 , S72. 



CHAPTER V. 

r 

< KRYPTON (Kr). 

history.—Krypton was discovered by Ramsay an$ Travers in the 
residues from the evaporation of a large quantity (dO lilies) of liquid air 
used for the liquefaction and isolation of argon. 1 From these residues a gas 
was obtained which had a density of 22-5 (11 - 1), which had the ratio of the 
specific heats, CJC 0 — T6G, and was therefore presumably monatfomie, and, 
further, gave,an’entirely new spectrum. Tins gas was named krypton (npv 7rroV, 
the hidden one): *. 

Further investigation of these heavy residues yielded yet another gas 
having a density of about 65 and a spectrum distinct from t^iat of the other 
teases: it was named xenon (£eVos, the stranger). 

< Ladenburg and Frugal evaporated a larger quantity (850 litres) of liquid 
air f collected the least volatile residues, reliquefied this^ gas at the tempera¬ 
ture of the liquid air, and fractionally evaporated the liquid. Their results 
confirmed tlm conclusion of Ramsay that two inert gas£s, denser than argon, 
existed in small amounts in air. 2 , 

Occurrence.—Krypton occur?, in the atmosphere.to the extent of about 
1 part by volume in 20(000,000. 3 , It lpis also been detected spoctroscoptnftlly 
in the gases evolved from twenty-six mineral springs in France. 1 * The amount 
present is T2 times that in hir. 5 6 

Isolation.—thitherto krypton has been obtained only from the atmo- * 
sphere, and the methods that have'been used for its isolation wiU now bo 
described, , ' ' ** # 

A mixture of krypton with xenon and traces of other gases may he 
obtained front liquid air by allowing the more volatile constltuerfts to 
evaporate (vide f upra). A better method consists in passing a stream of, 
dry air free from carbon dioxide through a spiral tube tilled with g'laas-wool 
and cooled in a hath of boiling liquid air. Tho pressure of the air r pq|«;ing |C ' 
through the apparatus is reduced below the vapour pressure Of krypton* at 
the temporature of tho bath, and, under these c6mli(ions,impure krypton is 
deposited as liquid (or solid 1 ), in the tube, together with kenon &nd a little* 

argop.f 1 v \ V v 

1 Ramsay, Ber., 1898, 31 , 01 tl ; Ramsay and Travr s, Piyc. Ifai Hoc,, 1898, 63 , 405. 

2 Ladenburg and Kntgel, Sitzyngsbcr. RT. Preuss. Akad., lV> 00 , p. 727. 

3 Ramsay, Proc. Boy. Soc<, 1903, 71 , 421 190/i, A, ko, 59J. t *> 

J MoifVeu and Lepape, Gompt. rend., 1909, 149 , 1171; Moureu and fijquard, C 01 n.pt. 

rend., 1906, 795. , < 

6 Mdpreu and Bepape, Coinpt. rend., l{Ul, 152 , 934. ' 

0 Dewar,'TrSc. Boy. Soc., 1901, 68 , 862,« <■' 

• * ‘ 346 «. 



HYPTON. 


347 


xx xuugi^ wymniMonf oi Krypton from xenon may bo effected betaking 
acfvantago of the difference between the vapciir pressures of {base* substances 
at the temperature of liquid air (1J mm. aim 0-1? mm. respectively). From 
the mixture of solil krypton and xenon a gas consisting chi ♦fly of krypton, 
with small traces of argon, may be pumped off. Some, krfpttm may bo 
retained below the surface o$ the solidified xenon, but thiS can HeT'emovcd.by 
alternate vaporisation and solidification of the heavier gas. 1 « 

. The cooked charcoal method (cf. p. 324) is nlsif applicable fo the isolation 
of fairly pure krypton and xenon. It is found that if “atmospheric” argon 
is subjected to the action of cocoanut charcoal cooled to a temperaturo o§ 
- 120° C., the whole of the krypton and xenon and some aigon are Absorbed. 
By placing the first charcoal bulb in connection with a second cooled in liquid 
air, nearly the whole of the argon can bo reftioved. If the temperature of tho 
first bulb be then allowed to rise to -80° C., pure kryptoy is evolved, while 
at higher temperatures (up to 0° C.) a mixturo of krypton and xenon is 
obtained. This mixture may be freed from krypton by eondensjjii' it i^ 
charcoal cooled to - 150° O. and then putting tho first bulb in connection 
with a second cooled to - 180°: the krypton then passes over and condenses 
in the charcoal at the lower temperature, leaving the xenon in the first Jmlb. 
The two gflses arc then liberated separately from tlieir respective bulbs by 
allowing them to warm up to the ordinary temperatuie 2 * f 

The crude krypton obtained by any of theso methods iffust be purified 
further in order to fit ii for the determination of physical constants. This 
can only be done fcy some process of fractionation, a good example of which 
is found in the work of Moore. 3 The residues from tho evaporation of 
120 tons of liquid air were first fractionated at the temperature of liquid aiir 
(vide svpra), and the impure krypton thus obtained was condensed in a bujb 
cooled to - 130* C. in a Whth of Ihfuid air and light petroleum. This liquid 
was fractionally evaporated, and the. thiee fractions obtained .were furthor 
fractionated in tho manner Indicated yi the following diagram:— 



The fractions 4, 8, 7, and 10 weio rejected as possibly Containing argon or 
xenon,,whijp fraction !) was taken as pure krypton. # 

Properties. —Kryj)tcm is a colourless gas. It has not been stated 
dfcfinitcly # whcther it has any odour or taste, and indeed »it is possible that the 
QSperimqptJius never been tried. There is, however, no reasoft to suppose 
thftt^Wdiftevs yi yds respect from t lie other members of the group. 

The density of kryptou*w;ys originally determined by Ilamsay and Travers, 
but as ffhev had yi their* disposal onlj fcl c.c^ of gas, weighing about 
0*045 gram, thejr r#sultwva$, lypturally, only apfifoxima^c. Tho valjie of this 
constant was rede term ified» with great care by Moore, usin$*»f ructions 8 9 

of his gas obtained as described above. Fraction fib \^as furthor refractionate^ 
_•_ _ _* • 

1 ftaiusay ani^Tracrrs, J’rfic. Hoy. .SVw.flDOl, 67 , {{29; Livefhg and Ilewar '(bill ,, 1901, 
68, 389; Moore,® TranS, Chan. Hoc., 1908, 93, 2181 ; tyoc. flay. So\, 1908, A, 81, 196. 

2 Yalenti^sr tftid Schmidt, Sitziyigsbcr. K. A Lad. Wiss. Berlifi, 1905, 38, • 

3 Moore, Tratfo. CfyifU Soc., 1908, 93, fiyu. roc. Ray. Soc., 1908, ^ 
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ten tintjs by Jlamsay and Cameron, and the«densitj of their final product 
determined, ,The valu| found in the mean was 4,1 -606 (0 = 16),’ i,e, the 
weight of a normal litre df krypton is 3‘708 grams. / 

' The compressibility of krypton has been measured by E^ms&y and Travers 
at considerable pressures (over ‘20 metres o{ mercury): 2 their results Bhow 
that the Alf.e ol V ? "J e eroasos markjidy with increase of pressure. From 
ij critical discussion of the available data, 8 it seeing probable that at- 0° 
and between 0 and 1, atmospheres tho compressibility,eoefticient of krypton 
is +0-00216. • 

, Assuming the accuracy of this figure, and calculating according to the 
method of limiting densities, or calculating by Guyo’s method of critical 
constants for an easily liqueliablo gas, we find for the molecular weight of 
kryptop the value 82 ' 92 . ' 

The solubility of krypton in water has been determined with two samples 
of the gas. 4 The mean result obtained for tho absorption coefficient was 
j’1249 at 0°, 0-0788 at. 20", and 0'082.‘l at 50°. If thj, solubility be plotted 
againsl -femperature, the curve shows a distinct minimum solubility about 
30"-40° C. 

Tjie viscosity of krypton has boon determined by Itunkinc with tho 
apparatus described under Holium (p. 309). At 10-6° C. it lias a value 
1’361 times.that of air. Its valuo at 0“ in absolute (O.G.S.) units is 2-334.® 
If the incrcaiSfc i f viscosity with temperature follows a,linear law of tho type 


then 


V« = Va( l + W> 
fix 10 s = 308. 6 


, The refmetivity of krypton was first determined loy the discoverers, who 
found it to be 1*449 times that of air. 7 abater determinations 8 have given 
the value fi- 1 = 428*74 x 10 -fl at N.T.P. for th6 green mercury line 
(A = 5461); and its dispersion at N.T.P. is giveh by 


where 

and 


i v 

hr l = — o - 

n 0 2 - ir 

C = 10*6893 xlO 27 
13767*9 x 10 27 . 


The passage of un electlical discharge through a vacuum tube containing 
krypton causes tho emission of light of a pale-violet colour . 9 It is fc fotind 
that the spectrum of this light is profoundly influenced by the nature of tho 
discharge. That obtained with the direct discharge has few lines, the chkif 
ofc which arG in the yellow y.nd blue, with a group in the greet},; that se^p 
when a jar and spark-gap are used shows a large number of Jines jn thaSMue. 

*• . o *’ « 

1 Moore, Trans. Chetn. .Sor.fjlOOS, 93 , 2181 ; '/..Watson, ibid , 'i010, 97 ,<$33. 

3 Ramsay and Tinverij PidL ( ~fran$., 1901, 197 , 4\* Proc.tRoy k’oc 1901. 67 , 329. 
f * Watson, loc al. . * 1 ' * 

• 4 AntropolT, Proc. Roy. Roc 1910, A, 83 , 474. 

6 Rankine, Proc. Roy. Rt*., 1910, A, 83 , 516. 4 

6 Rankine, Md , 1910, A, 8 f, 181. * 

7 Ramsay and Travers, iproc. Ray. Roc., 1901, 67 , .729. t ’ < 

8 C/'and M. Cuthbertson, Proc. Roij. Roc., 1910, A, 84 , 13; <J. 0. c Cuthbertson and 
Metcalfe, ibift., 1908, A, 80 , 411 ; 0‘. ar\d M. Cuthbertson, ibid., 1908, A, 81 , 440. 

9 .Bura^ayap^ Travers, Proc. fyy. Roc., 1801* 67 , 328. , . *' 

* * • ' /’ 
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A list of the principal lines 4n the visiblo*part of these sractra id given 
Wow 1 :— # • \ . ^ 

Accurate determinations of the w#ve-length ftf certain krypton lines, by 
comparison with t!^e red cadmium fine by an interference mqfhod, have been* 
made. 2 # 

FIRST KRYPTON SPECTRUM. (Uncondensed discharge.) 


• * 


• « 


Wave-Length. 

Intensity. 

Wave-Levy th. 

Intently. 

587M2 

10 

4451-12 

10 

5570-50* 

10 

-4400-11 


5562-45 

6 

4376-33 

10 

4671-40 

10 

4362-83 

9 

4624-48 

10 

431976 

10 

4502-56 

9 

4318-74 

8 

4501-1# 

4463-88 

7 

10 

4274-15 

10 


* Probably the green auroral lino.. 


IND KRYPTON SPECTRUM. (Condensed disch^j,.., 


v ave^ength. 

Intensity. 

Wave-Length. 

Intensity. 

5633-17 

6 

4109-38 

6 

4765 90 • . 

6 

4098-89 

7 

4762-60 # 

5 • 

4088 48 

8 

4739-16 

7 

4067-53 

5 . 

4659-04 

* 5 # 

4065-22 

8 

4634 05 


, 4057-17 

8 

4619-31 

6 

4050-62 

f, 

461546 

5 

• *4044-80 

5 

4577-40 

6 

3998 10 

5 

4523-32 

5 

39941ft 

6 

4475-18 

7 

3964-90 • 

5 

4355-67 

10 

# 3920-29 

# • 8 

4317-9,8 

5 

3917 76 • 

6 

4300-67 

5 

3912-#9 

• 5 

4293-10 

6 

3906 37 

8 

4145*28 

6 


- 



__ 



• t this* connection it is of interest to nofe gthat the spectrum of the 
lurtfra borehli» con tains a jiumb<>r of strong linos, all of which coincide exactly 
with prominent lines in thg Npoetrumof ^ryoton. 3 Jn particular this is true 
the line V=b57(^,*which is known to persist in fche spectrum of krypton at 

iressuues a^lowf as*~—atmosphere. The pressing*of ^lio atmQsph^ie is 


1 fee Baly, Proc. Roy. Soc$, 190$ 72, 84 ; tVnV. Tram ., 19Q3, A ; 202, 183^^/. Livcing 
,nd Dewar, Prcfi Rof*Soc., 1901, 68, 360; • 

8 Buisson and^'abry, Compt rend., 1913, 156, 949i 
8 Liveing%nd,Dcwai; Proc. Jiof. Sor.., J9CW, 6/ 467. 

• : v 1 / 
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of thi8,t-rdor of magnitude at a height of 80 utiles, a jfeight within the limits 
( 50-1 T6 mije?) At which tho auryra has been observed, ft is hardly possibte, 
then, to avoid the conclus?on that tin northern lights arc d/e, in part at 
r ieast, to the presence of krypton in tho atmosphere. 1 Tbk measurement of 
the intensity of the lines of the krypton spectrum has been used to estimate 
the proportion prdsert in various spring gasps. 2 The Zeeman effect in 
j^rypton has been investigated by Lohmann. 3 

Krypton is easily liquefied at temperatures above- that of boiling liquid 
air', it boiltl at - 151 0, 7 C. The vapour-pressure ratio is 0-0fu7 (p. 294, 
footnote). The density of the liquid at its boiling-point is 2T55 grams 
per C.C., “whence the molecular volume -= 37 * 81. 4 

The critical temperature of the liquid is - 62“*5 0., and its critical 
pressure is 54*3 atmospheres. 4 ' 

Krypton may,be easily solidified by cooling in liquid air: it melts at 

f The specific heat of krypton has not been determined, and formerly#the 
only data available as to the ratio of the specific heats were obtained with 
mixtures of krypton with other inert gases. This ratio has now boon 
determined with a sample of pure krypton; the method used was that 
described under Heliuril (p. 316), and the following are the data obtained with 
air and kry^o’h examined successively in the same tube:— 



Tempera¬ 

Half 

/ 

Density. 


ture. 

It ' iwc-Length. 


Air . 

19" 

27 92 

14-48 

Krypton 

18 * 

18-13 

, 41-46 


Hence for krypton the ratio 1 •681). 15 

Atomic Weight: —It is believed that krypton has a monatomic nrdCeule 
and that the atomic weight is, consequently, identical with tbfTuolccidar 
weight and =82 92 (p. 34b). The reasons for this belief may be summarised 
briefly or, follows :-r- 

(1) The ratio of the specific heats at constant pressure and constant 

volume approximates closely to 1 *667. ' <~ 

(2) Tho general properties of the gas indicate that it should occupy a 

position in the periodic classification of the elements between 
bromine (at.wt. - 80) and rubidium (at.wt. — 85*5), a position wijjb 
which the atomic jyoight given above is in agreement. 1 

(3) The positive ray- method of analysis indicates that "the jpisTs, 

monatomic. ' < 1 ' 

1 See Billy, loc. cit. ; Pago, e?rqr. Phys. Soc., 19L2, 24 , l 138 . 

2 Mourju and Lepaptv rend.. 1911, 152 , 6 £’, "• e 

c v Cjohmaun, Zcit. ■/;. Ivios. Photochem ,, 1908, 6 , 1, 41. * 

f * Ramsay and Travers, Pro(, Roij Soc ., 1901, 67 , 3*29 ; Phil. Trans., 1901, 1197 ’, 47. 

6 Ramsay aud Travers, IU. cit.; cf. Mtore, loc. cit .; Laifenbnrg and Kriigel, Stlsungsber . 
K. PrtUs.% Aka&, JViss., 1900, 212. 

B R^msAy, Proc. Iloy. Soc , 1912, A, 86 , 100, 





(RriSihqndht 

itlOn of residues mmi.thrc evaporation of ‘ ISO ,Jor 6 ;^ ; 
jffliot in quantity shfScient for' its: th»roug'lv,f*6urti6|I^ijto 
^ .These residues were freed from krypton and 'other :gtae|\3if 
temperatlvc of liqsaid air (vide supra and the. impure xenoh thus 
was'fiSetionated- at - ISO 1 C. The mean of two determinations made.il® 
igUrest fraction gave for the density the value 65 35 (0 = 16), 1 £«. a no 
ftfro.of xehon woighs 5-851 grams. 

. , The compressibility of xenon was investigated by Itamsay and Travers (to/fri 
cit.), wh8 found that the value of p v decreased very markedly as the pressure. ~ 
increased. This behaviour is, of course, quite in accordance with the fact. 
that fhe oritical temperature of' xenon is about the ordinary temperature, at ‘ 
yvhich the experiments were conducted. Calculating according to Guye’a, 
method of Critical constants, wo have for the molecular weight of xenondhe 
value iq0'22. 2 From this result it can be calculated indirectly that At0* 
'and hetSveen 0 and 1 atmosphere the compressibility coefficient is equal fo 
+‘0-00690. _ 

Xenon is relatively very soluble in water, its absorption coefficient being 
6-3189 at 0" C. and 00878 at 50° C.: a point of minimum solubility occurring', 
at about 4-Q° C." 

- The viscosi'y of xenon at 0" O. is 17 ,, = 2-107 x 10~* and if its variation with 
.temperature is given by the linear equation: ' ■ , 

i?* = ife (1 +/-’#), ■„ 

■then 4 - 0 = 3-39xlO-» 

< The refractivity of the gas for white light originally found to be 
2'364 times that of air . 6 Later determinations have given the value 
jx-+ L*:70549 x 10 " 6 for the green mercury lino (\ = 5461). The dispersion 
N.T.I*. is given by the equations: < 

' ^-i=o^ 823 (it¥™) 

•' op 

... 

jvhero'Cx 10”“ = 12i2418, ®„ 2 x 10-® = 8977-87, and ~. is the frequency .of 
tji# light . 8 ' ' f -. 

‘p. The passage of an uncondensed discharge through a vacuum tube containing 
tieHoncauses the emission of light of a sky-blue colour ; 7 if a spark-gap,aim 
Leyden jar.be interposed in the circuit the colour of the light changes to green, 
f’his change is similar in character to that seen under similar-condition*;- in 
'fehumand krypton; and xenon, like these gases, has two spectra? ‘ X 'list 
■ if the more prominent .lines of xenon is given Jejow 8 :— i,4\ 


t/Vftlocre, Trans. Cktjo. .sv./fyos, 93 , 2181; Watson, ilid„ 19.0, 97 , 8*3. 
'GtWatson, Tra.s. CMm. Soc., 1910, 97 , 833. - 

;■ Anbopoff, free. Boy. See., 1910, A, 83 ,174. 

■fff. tUfiKn Roy. Hoc!, 1910, A,-3+ 181. * 

fUmaay aed Travers, loc.fft. 1 ,, , . 

SSf % ’54 5 H. Cnthbsrtcon, Proc. Boy. See., <’90S, A, 81 , HO ; 1, 8 I0 ( 'A, 8 | .». 
udift/gadwav ipcf-Travern, Proc. Roy, Roc., 1901, 67, S29.' t . .'-X:. 'iff' 

IfjlLllw ^ TrrMtti., 1908; A; is 02 t 188; sei also, toeing, and 
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,%7*19. 
, : 4734-30 
‘4097-17 
4871-42 



SECOND XENON SPECTRUM. (Condensed discharge.) 


Worn-Length. 

Intensity. 

Wave-Length. 

_at_ 

Intensity. 

!\ r ave-Lgujth. 

r—TJ 
Intensity, : 

• : 

' 8097-80 

7 * 

1921-68 

6 

4415-00 


6051-36 

7 

4890-24 

5 

4406-99 

5 

.6086-40 

6 

4887-47 

5 

4395-91 

10. 

5876-67 . 

7 

•1883 68 

6 

4393-34 

10 . 

5751-28 

5 

4876-68 

7 

^330-63 

15 

5727'15 

5 

4862-69 

8 

4296-52 • 

5 

; 6718-83 

6 

4844-50 

10 

4245-54 

10- 

. *5667-85 

6 * 

4823-47 

6 

4238-37* 

10 V 

5659-67 


4698-20 

5 

4223-14 

6 

‘ 6616-99 

.6 

4683*76 

5 

4215-77 • 

5 

. 553P33 

7 

4652-15 

6 

4214-17 

« 

5472-90 

7 

4615-72 

5 

4213 80 

6 

5460-63 

6 

4603-21 „ 

10 

4208-61 

0 ’ 

6460-71 

5 . 

4592-22 

6 

4193-25 

8 . 

5439-19 

8 

15ha’04 

10 

4180 20 

f* 

5419-40 

10 • 

4577 36 

6 

4158-14 

5372-62 

8 

, 4546-34 

8 

4145-85 

6 

1 6389-66 

9 

4541-03 • 

8 

4109*20 

0 

6314-16 . 

8 • 

&S2-67 

•6 

4057-55 

5 < 

3291-40 

10 

4524 -38 

.5 

8050-19 

6 ' 

.. 526?% ■» 

5 

4481-01 

*7 

3992-98 

6 ' , 

. 5260-66 

5 

4462-38 

20 

3950-70 

8 

5191-60 

5 

4448-28 

10 

1 8922 67 

10 

5080 88 

• 

*- 

7 

'* - 

4434-35 

6 

• 

390*-0fl 

. 7 

.._1 


«The Zeeman effect in xenon has been studied by Lolunann. 1 ‘ '\i\, 

TJie*ratift of the specific heats of xenon has been determine^ by 
lording to Kundt’s method. Thu following data were obtained 


wao^pe^tio O p /C v ~l-$66. 


1 hohmSnn.'T’Aysifozt Zeitsch.fi 900, 7i 509. • ’ 

Proc. Raji. Hoc., 1912, A, 86 , TOO. - 














CHAPTER VII. 

NITON (Nt). 


f .bj[l9tory.—Tho nature niton was given by Cray and Ramsay to^rqOIua 
‘T^ahftHon. 1 Its history is, naturally, closely involved with that of 
iweeBadrutn, Vol. III.), but it may be mentioned here that its discovery ^ 
pduOrto Horn. 2 It was early recognised that this product of tho radiosgtlt 
^disintegration of radium was a gas, and resembled the inert gases in,*£ 

“■ Indifference to platinum- and palladium-black, lead chromate, '-fine and taajj 
•nesium -powder, and magnesium and lime at a red heat, «to phospborg 
.’burning in oxygon, and tp sparking with oxygen. 3 

.. When, by the, remarkable experiments mentioned brief (p. 367), it 
'density was dotermiued and the molecular woight thereby found to be’aboil' 
-7223, it became evident that, were it a monatomic gas, it would find a place ii 
periodic classification in the group of iuert gases and in the same spri$ 
ab radinni. It has since b8en foundrthat its other physical properties acq^rc 
iWell- With those to be Expected in an inert gas of atomic weight 223 (se< 
-table I., p. 294), and nitoit is now, by general consent, given a place ir 
Group 0. * * • 

Occurrence. —Niton doubtless occurs ir; all radiuri! minerals; but AS ii 
i.UaaergdlS radioactive change and only a minute amount can be present is 
equilibriuftr with the small quantity of radium, it is hardly surprising thjtt If 
Sis hot hitherto been detected. * . i 

1 11 It is undoubtedly the case that some rndioactive substance is pr^ent ii 
'■’t||ltStaosphoro„hecaifco a negatively charged wife,exposed to air acquita6>li 
inactive deposit which can he removed thence by solution in ammonia qy 
i^bb^Og- 4 ’ Observations on the rate of decay of this deposit indicate that 
rain to the presence in the atmosphere, of tho emanations,of thorium ftiid 
ttfm- deffved from thorium and radium contained ip tho soil. 5 . The re(atisS 
i(rfi'5| niton and thorium emanation preserft in the lowef leYdl# Jit 
here 'appear to ho very variable,® mid it has been .found Shat v ;8§ 




it tiirft propose^ to can this substanco 4xrad.i1 >; Ramsay 
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Sostola, & the-ApenntneSj'at ft .hefgbtijf $840 feet^Vtffe Jir6pprt'jo^/<^f. 
atmosphere ' activity duetto thoriugi varies, from,. 29-73* 
general it may,be said that thorium emanation preponderates 
levels of t^eAtmosphere and niton in the hjgher levels.. -, ' 

, The fcotmt Gfeoi^on present per cubio metre of air is approximately 'tha$ "f 
which would bo in equilibrium with l/d x 10~ 10 gin. of radium. 2 . > 
r Isolation.— Niton is continuously formed by th^ radioactive change ©f r ;'^ 
radium and» its salts under all conditions. Solid radium salts Always retain.- 
,the whole of* the niton—presumably in a state of solid solution,—but ’tfiej ' 
greater part of the gas may be driven out by heating to about 800“. The ' 
proportion retained decreases as the temperature is raised and is independents 
. of the duration of heating, buk varies much with different .preparations. 8 
The niton may be pumped away directly, but the amount usually handled 
ds So minute th&t it is necessary to wash it out with another gas, e.g: 
^oxygon. ■ 

When an aqueous solution of a radium salt is Kept in a closed nask 
niton is evolved, together with oxygen and hydrogen produced by the 
decomposition of the water. The amount of niton increases rapidly during 
thfi 'first few days ami afterwards more slowly until, after about a month, 
the maximum'amount which can be in equilibrium with the radium present 
is reached. v f 

The hydrogen produced is about 5-10 per cent, in excess of Chat 
equivalent to the oxygen present: this is probably'due to the action of the 
penetiating rays of radium, which bring about the conversion of water into 
hydrogen peroxide and hydrogen. 4 On exploding the gas, all the oxygeiv 
and most of the hydrogen are converted into water. If the residual gas be 
passed through a copper or glass spiral cqolcd in liqiud air, the whole of the 
niton is condensed, and the residual hydrogen, together with any helium 
produced by the decomposition of the niton dvring the time it has been in 
- the flask, may be pumpod off. 6 ,A similar method may be used to condense 
niton from air. 6 The gas thus prepared usually contains a small^xmount 
of carbon dioxide produced by the c.vidation of adventitious or^anit matter, 
hut this can be removed by prolonged contact with baryta. 

The amount of nit£n which can be obtained from radium is very small}’ 
in as will fee readily realised from thq fact that the maximum amount that can 
be in ‘equilibrium with 1 gram of radium is 0-585 mbic mm. atN.T.lV. 

, Special methods have to be adopted in manipulating such minute quantities 
of gas, but space does not permit of their description here: the reader who 
r * is specially interested is referred to the original memoirs. 

Propertied. —Niton is a gas. This can be said with certf> ; nty, as it 
r can be manipulated as <-i gas by means of a Tbpler pump, eat. be .sees? to 


‘ .VV 1 Pacini, Physikal. ZeitKh ., 191Q ii, 227. ' • rj , V 

* Ashman, Amcr, J. Sei., J908, [vi.], 26 , 119 ; Eve, Jfhil. Mag 1 ?} 1907, [yi. 3 , 14 , fjti'i fee 
^ 4 JaoEve,;flmi., 1908, (vi T, 16 , 6 C£ ; Satterley, ibid., «J 908, 16 , 68,4; 1^,10, [vi.], 20, 

AJColowiat, Le*’{odium, 1909, 6 , 321 ; 7 , 286. « ' ‘ „ 1 * ' * ;■ 

p £ 4 Debierne, Compt. rend.. 1909, 148 , 703; Lc Radium , 1909, 6, 66 ; Ktftabauaa; 

; ,C<mpt. rertf., 1909, 148 , 765 ; 149 , 116'kid 273; U Aadtym tt 1909, 6, 226. . . , \ 

jUmsayaidCollie, Proc. floy. Sod:, p 304 , 73, 470. • > v ';' r .V' 

„ 6 Ashfatn, lo$. tit. ( ( C ‘ ’ : r, 

V . .’’ Ebtherford, Phil. May., 1908, [vi.], 16, 300; Rutherford and, BolttoCtd, Muri. Ma$- 
' ‘^ithatUr Pjhik, Sw., 1909, 5*., No. VI.'; Rutherford and Geiger, Proc. Rdfff j8flc,,vi908,’ A, : ^ti 
>'462 ffcl^Iatcrf Value); Gray and Ramsay, 0 Than*. Ckem. 2^09, $5*,i073Dteltfh* 
y^dfanfa rdyt.,. i9<fc9, 148, 1264 ; Ann. Ph^M^ 191$, [ix.], ^ 1$, 1 J ' <5 ‘-» * 
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: npw;«i Mieypdanne^ of f gaa through the glass tubes of the apparatft& 
Socle’s iaw r ^tid can Tiediquefied and solidife?d by cooling . 8 it w colourles 
by'transtoitffed light. ‘ » • 

v ; l The density o* the gas has been determined by direct weighing on i 
uaicrobalanpe sensitive to 2x 10“° milligram, with a weifdifc of fljtoxrof.tfo 
order “Of Ytfaf nigm.: tk» mean o% several experiments ga # ve the J|ftlii< 
Ill-6 (H = lj. 4 This figure is in general agreement with the results <$ 
the effusion experiments of Debierno 5 and Fortins, 6 Mich gave the values 
110 and 117-5 respectively. 7 9 1 

As radium (atomic weight = 22fr0) 8 is transformed into nito^ with th! 
loss of one a-particle, and as the a-particlo is believed, on excellent grounds, 
to be identical with tho atom of helium, it is to be expected that the atomic 
weight of niton would be 22G*0- 4'0 = 2?2-0. This figure agrees well with 
the molecular weight calculated from the density determinations quoted 
above , tho one adopted by the International Commission is 222 4. 

•Niton is soluble tin water: its absorption coefficient is approximately 
0*5 at 0*, 0*3 at 15*, 0‘27 at 1«7 0*23 at 20°, 1 and 015 at 407° and Jhus 
has a large temperature coefficient. Above 7n° C. tho value of the absorption 
coefficient becomes very nearly constant and approximately equal to 0*411. 11 
It is rnuefi more soluble in organic liquids, except glycerine, as the following 
values of the absorption coefficient at 15° O. indicate:— J 


Ethyl alcohol , . 7 2 

Petrol cun* . . 9*5 

Toluene . . 11-7 

Glycerine 


Amyl alcohol . 
Aniline . 

Carbon disulphide . 


0-21 


• » 

It is less soluble in salt solutioif than in pure water, and Henry’s Law Is 
followed exactly in every case. 1 - • 

.When subjected to an electrical discharge, niton gives a distinct 
spectrum, which is th# same whether th# discharge # is direct or oscillatory, 
pears to be of the same character*as the spectra of the other inert 
gases. 13 'Acre is, however, some evidence that the relative intensity of the 
, lines may vary with the pressure. The niton specUgim disappears after th"0 
discharge has been passed for three to five minutes, giving plac« flrst^to 
^the primary, and later to the secondary ‘spectrum of hydrogen. The source 
*of this hydrogen is not definitely known, but ft is very {probably ocoluded 


’ • J Ramsay and Soddy, Proc. Hoy. Hoc., 1903, 72 , 204. 

3 Ranitay and Cameron, Trans. Chm. Soe., 1907, 91 . 1266. 

Rutherford and Soddy, Phil. May., 1903, [vi.], 5 , 5oU . •* 

4> tlfay and Rai^say, Proc. Hoy. 8oc. t 1911, A, 84 , 536; also in Ann. Chin, Phyt, f 
1910, fviii,], 21 , 145, 574. g For details of this extremely interesting•work the reader b, 
i referred U the original jnemoir.* • 

# ®*Debierni, Compt rend., 19J0, 150 , 1740. 

8 Perking Anyr. V. Sci. *1908,#v.], 25 , 461. 

’ See aiso # Hahower, PMl. Mag., 1905, [vi.], 9 , 56. 

* Honigsohmid, Monatsh., 1912. 33 , 263 ; 19^3, 34 , 28g. 

• Kofler, PM. Mag* Vp08*n, 6'. * • 

WL M. Hofmann, Phynkal. Zeitsc \, 1905, 6 ,*33/. 

» XqBer sMotatsh* 1913,^4, 389. • 

PftunMpdtp Lt Hadium, lfill, 8, 253 ; Boylo, Phil, Mag. } «*«, «, ow. . 

* . .i*iGarnery a ®d Ramsay, Proc.Jloy. Soc.. 19Q8, A, 81 , 2101; Royds, £hfo Man's 190& 

200 i Mfstsqp^^Proc.^jRoy. 800 1909, A, 83, 5^ 
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• The fiwt m&wuiMents. were madd jjpuafly byiy : 
fbSMved -tfeat fc'verjr strong and pewistent/Hn*,' X * 5891V MWWW; **!?#$ 
ilrtmg %"*en>y I'iekering* in the spectrum of .lightning.. 
aumerou&'sCtemptti have been mad%to map the- spectrum- by 
photographic methods.* Their results are summarised and ? upp}emeWM^ 
a'ith hew data in a puper bj? Watson, 6 which should bo consulted, for. fdrth^-. 

information on this point. . . . ., „ 

■ Nothing is known as to the ratio of the specific heats of niton,JMitrthp-. 
mOnatomicity of its molecule is to lie inferred from the agreement 
the atomic weight calculated on theoretical grounds and the molecular.-, 
height deduced from its gaseous'density, and from the faetthat the voluto , 
of the gas obtained from a given weight of radium agrees with that calculated^ 
on the assumption that the molecule of niton is monatomic. , - y.: 

i" The minute amount of emanation usually obtainedus found to oondSnse ., 
and volatilise sharply between -152" and -154”, but with larger iamounts, 
it has been found possible to determine its vapour pressure at various., 

^“tetriUcal temperature is 104" 5, and its critical pressure is’62'5 atmo-; 
spheres. It Mils at - 62" and freezes at - 71°, and its vapour pressure at the . 
latter temperature is 500 mm. When examined under the microscope, J-he, 
liquid is-Been to be colourless and transparent; its dpusi y is a;ovi • . 

S^ld ia opaque, but its colour cannot be seen on account of its intrinsic 

MbNitorus absorbed by cocoanut charcoal at the ordinary temperature, and. 
l»,again evolved at higher temperatures, and tins fac^may be utilised in its 

^Radioactive change of Niton.—The property of intrinsic luminosity 
’iB characteristic of niton in alt states of aggregation, and is one evidence of 
the energy Changes which accompany its disintegration. I he fntcnsit^ of 
/thd phosphorescence W greatest i-i the solid-possibly because of^ tM 
volume occupied—but both the gas and the liquid glow et"ngTy.Jlhe, 
•tfolour of the light emittedV the solid varies from steel-blue at tbo melting;, 
"point to, orange-red, at Jower temperatures. 9 Heat is also given out duri g 

fife' disintegration of the emanation: 9 * 

" The continuous /‘mission, of energy is also shown by the glow decomfrou- 
'tioh of carbon dioxide, carbon monoxide, ammonia, hydrochloric acid, Untt. 


f ' -V .Skberford, Phil. Mag. 190*. fvi.], I«, 800. 

Rarafcav and Collie, frocsRoy. Soc., 1904, 73 , 4/0. . . 

Mag., 1908, [vi.], 16 , « 8 ; Royda, rial. Mag., 1909, [vi.], i%W 2 ( noc. 

Koy.Sif ., 19W*,’ A, 83 , 50. **- ' ■ • * 


erford sad Soddy, mi. Mag., i.voo, ms 

Iray snd Raoissy, Trans. Chem'. Soc., 1909, 9S' 10 '" • tul)on ^> 

Jfiz'Bva, p. 3C8'; Ssttcrley, Phil. UA)., 

S Kimsay, Trim. <SU» ( Soc., 1909, «. 1073 i 
'9»V ' J y ' ' -.. r~: i „ Wo » K " 


hgjfind ftwn«*i PhttiJMag., 7. W*-" • 
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l oas «180 Stated 

^wawns orjjmpotmaMf ttie elements df thjfi carjton'grbuj* (8i)i^^i^nKa^, ! ; 

and> lead) are, s rejected to tie action ofA ftitbn^ twbotl 
’ This suggests a possibility that? tfcerepmybfed? 
^j^iflg^o'wn of the ; molecules #f these elements with fo^at!orj/>f ddthok, 
the lowest member of the# series. 2 ffiton will caus« tfie oxifliftion 
mercury, and turns ordinary white glass violet. 3 v. fj? 4 . 

Was ^t one time«supposed that a change of*coppof into lithium ajd of' 
lipater into neon had boon observed, 4 but the validity of these ^bservatioift isV 
seriously open to question. 6 # ; 

if - For one or two days after its isolation niton undergoes a slow contraction, 

• tie about one-half its original volume; S' afterwards it slowly expands to about 
Ijftfc q 3| timos the original volume. 7 This # change corresponds to a change’lri , 
the spectrum, that of niton disappearing completely after 3-4 days, Ond ? : 
-giving place to that of helium. 8 ■ 

« The cause of the contraction is obscure, but it has been observe^.in evOiyv 
'parnplo hitherto prepared, and is, perhaps, duo to impurities. The 
expansion which takes place afterwards may be satisfactorily explained ou.tW 
hypothesis that the a-partiolcs given out during the radioactive changepf tbe°- 
niton have* such a high velocity that they are forced into the walls of the 
containing vessel and aro only evolved again quite slowly. £t 9 hps been found ^ 
that if niton is confined in a glass tube the walls of which have a thickness:/ 
less than the range of ijs a-partioles in glass, an accumulation of helium can 
be observod in the outer space This supports the preceding explanation of - 
the slow increase in volume, and further proves conclusively the identity of 
th.o helium atom with the.u-particlc 9 The period of half-change of nitdn’js 
3*75 days. 10 , • ' 

c It may be men Lion ed*hcro that the evolution of helium from radium/ was* 
first proved by UamsaJ and Soddy, 11 and confirmed by Himstcdt and Meyer: 
the statement that the •radioactive elements are elements undergoing 
decomposition was first lrnfde by Onofiroy Martin. 13 Assuming that 5 
a-flartkles *are expelled during the complete disintegration of one atom of ^ 
racuut?),' t!*e volume of helium produced per d|y from 1 gram of radium 


1 Ramsay, Trans. Chem. Soe , 1907, 91 , 931 ; Came run and Mavsay, ibt&, 

1593 ; 190ft, 93 , 90(5 and 992; Penman, ibid, if08, 93 , 1775 , Usher, ibid, 19141, 97 , 3a9 f ;», 
Rutherford and lioydx* Phil Mat/., 1908, fvi ], 16 , 8f2^ Mine Curie and MileGledlWebj,’ 
Cimpt. rend., 19t)8, 147 , 3-15. ^ '/ * 

a and Usher, Bn. 1909, 42 , 2930 ; cf. Herschfinkel, Compt. r^nd. , 1911", 153 / 

' >'255; Le Radium, 1911, 8 , 417 ; Ramsay, Compt. rend., 1911, 153 , 373. ; .. -* 

~0\ - 3 Ramsay and Soddy, I'roc. Roy. Roc., 1903, 72 , 204. • • . 

4 R&mSfcy and Cameron, Trans. Chem. Roc , 1907, 91 ,1604 ; 1908, 93 , 992. ", 

•^Rutherford and Royds, Phil. May., 1908, [vij., 812; Mine Omie and 
/^gerfjwCh, Ccmipt, rtnd., 1908. 147 , 345; Permau, Trans. Chem. Roc., 1908, 93 , 1775, See 
CfJfeio thi# Beiies, Vol. II. . . * . l ; 

: *.• * Rp&erford, Phil.Jfag., lfOSffvi.], 16 , 300a; R#msay anil Cameron, Trans. Chm*Soe H 
• • . • • . /■ 

'•-** n ~~ i { Compt. rendq 1904, 138 , 190; InoVikson# Physical. Zeitsth.\ 1904, Si 

Heyer,. Ann. Physik , 1904, fiv.j, 15 , 184. 
iav,andSoddy, Proc. Ray. Soc., 1903, %e, 207. • 

Stfbrd and R«yd*, Mil >%, 1909, fvi.], 17 , 281. 
iutfierfordan<L 8 oddy iluime^n, Phil. Mag., 1907^[vi.] 14 , 550. 
fefb&cy aad Soady, Pwc, Roy. Roc.,*)Wd, 72 , 204. • 

m^drfand 6 . Meyeu» Ann. Physik, 1904, £iv.), 15 , 184 ; cf. « 10 oc, f 
2244. 4 , . 

2W ‘. 





•feould Sfee 0-459 eu. mm. # NttJP.: 

■MDOunt hawo-given figures in g«od agreement, with this twttfcfc •'SdWt.tW 


-amount nawwwu ngurw eu : --- " v *• " vj' . a i 8 _ 

Its production during many other radi«ac«ve changes hM Ueifc-Steertett-. 

* The whole nl&tter is one of great interest and importance, It hai only 
:beoh possible to give a mere outline of tho "chief facts her^, and the reader 
wh® dwirel further* irfiormation is referred to Soddys The Chennitrp | 

Radioactive Element. (Longmans * Co, 1912), and the sections f 
activity in the AnnM Reports of the Chemical Society, especially vol. vu. ^ 
(1909), pp. 2?2 et s«/. 


c&lculatld : see Soddy, nil. Mag., 1908, [vi.], 16 , OU ; rhysdal. MmI,., 1909, 10 , 41. 
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ABSORPTION of gases, 109. 
coefficient, 99, 100. 
k cetic acid, ionisation of, 223. 
molecular depression of 2<)9. 

.cid salts, 196. e 

.cidic oxides, 197. 

.cids, 191, 192, 194, 195-197. 
basicity of >0 196. 
dissociation of, 219. 
hydrogen theory of, 194. 
oxygen theory of, 192. 
polybasic, 194. • 

relative strengths of, 221, 225. 

.dsorption, 84, 107, J09, 13f. 
ffinity, chemical, 161-169 
,ir, coefficient of expansion of, 28. 
deviation of, from Boyle’s 30. 
fixed, 192. a -> 

mean composition of, 102* t , • 

solubility of, in water, 1(U, 102. 
lbite, 77. 

lcosol, 78. * 

lkali, 191, 199. • *. 

caustic, 191. 
mile*, 191. 
llotropes, 65* ■ 
llotropy, 8, 64, 65. 
dynamic, 67. 
lternating symmotry, 54. 
lum, etfect of pressure cm solubility of, 107. 
Iiiininium, atomic heat of, 88, 90, 92. 
atomic weight of, 25, 88. 
boiling-point of, 37. 
melting-point of, 45. 
specific hfatof, 88, 90. 
liftniniurtf chloride, vapour density of, 141, 
* ’ 142. • • , 

mnfonia, critical constants of,*131. 
determination of density of, 200* 
deviation Ofjrom Beyle’s law, g0. 
physical date fo^ 2$ 2. * m% ‘ 

preparation of, 256.* * • • 

solubility of, 16*0. 

•rolumetric analysis off 259. * • 

r^ults of, 262. I • # 

mmonium fchkride, wyonytiric point of, 
116 .,. / # 
effect of wesaure on solubility of, 107. 

_1-T.jj. t *. ion 


• •) 
Ammonium hydroxide, ionisation of} 228. 
iodide, cryohydnc point of, 115. 
nitiate, solubility of, 104. 
tetramurphous, 66. 
transition points of, 66, 69. * 
Amorphous substances, 47. 

Amphoteric oxides, 198, 227. 

Anhydrides, 197. 

mixed, 198. • 

Anion, 202. 

Anuerodite, 303. 

Anode, 202. 

Anorthite, 77. 

Antimony, atomic heat of*88. 
atomic weight of, 25, 88. • 

boiling-point of, 37. 

freezing-point curve of bismuth alloys o*f, 
119. 

melting-point of, 45. * 

specific heat of, 88. 
valency of, 285. 

# Antimony iodide, transition point of, 66. 
t»-chloride, association of, 152. 

Apatite crystal, £6. 

«hrg<tn, a polymer of nitrogen, 293, 
absorption*>f, by chaicoal, 108. 
an allotrope, i500. 

atomic weight of, 25, 274, 294,^144. 
(boiling-point of, 3/, 294 
chemical ineitn&s of, 341. 
critical dBnstants 294, 841. 
density of, 294, 336. 
detection of, 344. • 

dielectric cohesion of, 339. 

Doppler effect in, 340.* • 

history <ff, J30. • 

isolation off 333. 
liquefaction of, 340. * 

gnelting-poi»t of, 44, 294. 
mmecula^weigbt of, 294, 837. 
offcurreifce of, 3!U. • 

percentage of, in air,$31. 

i icnodic table and, 274. 
diosphorefcewt effects, 1541. 
IbyhicaLproperties of, 3^6-340. 
refractivity of fc 294, 838. «* 

solubility of, TOO, 294, 337. '«•* 

specific neat qf, 340. # * ** 
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Argon, table of properties of, 294, 
thernl.vl conductivity of, 294. 340. 
visoosity %f,$94, 337. * 

Arsenic, atomic heat of, 88. 
atomic weight <ff, 25, 88. 
melting-point? of, 45. 
specific hept t of, 88. f 

sublimatioh of, 87. ‘ * 

valency of, 285. 

rsenious oxide crystal, u7. 

rsenolite, 78. 

ssociation, ga&ous, 140. 

influence of pressure upon, 140. 
influence of temperature upon, 142. 
of liquids, 155-158. 

‘of water, 158. 1 

■tracanite, 201, 221, 

.symmetry, 52. . 

.tmolysis, 34. 

utmospli# v e, Kohlrausch’s ionic, 218. 
mean composition of, 102. 

Ltomic heat, 86. 

variation of, witli temperature, 92. 
hea,ts, table of, 88 -89. 
theory, 15. 

volumes and the Periodic law, 270. 
weights, accurate determination of, 249. 
approximate methods of determining, 
233-241. 

Cannizzaro’s System of, 22. 
connection between atomic volumes 
< and, 270. 

Dalton’s system of, 16. 
t determination of, from gaseous analyses, 
231-233. 

early systems of, 17. 
first Bcrzclian system of, 17. 

Gmelin’s system of, 19. 
international, table of. 25. 
ionic mobility and, 217. 
modern system of, 21, 22. 
radioactive elements and, 282. 
relation between specifc heats and, 
94. < < * 

' second Berzelian systpm of, 18. 
systems ol Gerhardt. and Laivo'nt, 20. 
variation of, according to source, 282. 
Atoms, 21, 23. 
compound, 17. 

existence of, postulated by Greeks, 15. 
simple, 17. 

structure of, 276. < 

Aurora bofealis, 297, 349. 

Available energy, 5. f 

Avogadro’s constant, 83. 

hypothesis, 21, 22. 

A^es, crystallographic, 54'. * 

Axiai planes, 61. 
c ratios, 61. 

Axis, brachy, 64. 
clino, 54 <tt . < 

' crystal ^ogi^phic, 51, 54. < 
di-n-golAfcS l>4. 
macrq$4p c , ( ( 

drtboy 67. i < 


Babo#. law, vo^, 114. 

Barium, atorrnc betft of, 88, 
atomic weight of, 25, 88^ 

< melting-point of, 45. f 
specific heat of, 885 
Bantam antimony I tartrate crystals," 53 
chloride, molecular heat of, 95. 

specific heat of, 95. 
fluoride, solubility of, 103. 
nitrate crystals, 53. ' 

sulphate, molecular hafllof, 95. 
solubility of, 103. w 
specific heat of, 95. 

Basal pinacoids, 61, 63, 64. 

plane, 61,62. 

Bases, 198-199. 
dissociation of, 219. 
relative strengths of, 221, 225. 

Basic hydroxides, 199. 
oxides, 197. f 
salts, 199. 

Basicity of acids, 196. 

Beclihold filters, 81. 

Beckmann’s boiling-point method, 148. 
freezing-point method, 145. 
thermometer, 148. 

Bcnitoite, 53. 

Benzene, molecular depression of, 209. 

nitro, depression of, 209. 

Beryl, 53, 61, 303. 

Beryllium. See Glucinium 
Bi-molecular, reactions, 184. 

Bi-pyramidal class, 52, 63. 

Bi-sphenoidah cl/ ss, 52. 

Bi-variant systems, 175. 

Bismuth, atomic' neat of, 88. 
atomic veight of, 25, 88. 
boiling point,of, 37. 
freezing-curve of antimony alloys of, 
freezing-curve of tin alloys of, 116*r- 
melting-point of, 45. , 

specific heat of, 88 
Blagden’s law, 121, 122. 

Blood corpuscles and osmosis, 126. 
Boiling-point, 35. f 

determination of, 35-3*6. 
molecular elevation of, 148. 
points of elements, table of, b6 -37 
Boracite crystals, 60. 

Boric acid, ionisation of, 223. 

Boron, atomic heat of, 88, 90. 
atomic weight of, 25, 88. c 
boiling-poyit of, 37. ’’ 
speciliq boat; of, 88, 90. 
volatilisation of, 46 
Boyle’s lav, 26. 

deviifi^ons Iron, 28r 
Brachy-dome, 63. 

Brachy-pinacoid, 64, 

Brachy-pywfc.nidJ82, 

B/avaii -AI illcitsylteny 6b. 

Brevium, 281. ° 

Broggerite, <&3. * 

Bromine,atomic heat of, 88 
H atomic weight of,^f , 88. 
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Bromine, boiling- noint of, df. 
melting-point or, 44. • % 

aj>eqific het>fc%C 88. 

Brownian movemty't, 82. ^ 

♦ 

Cadmium, atomic heat of, 88. 
atdhiic weight of, 25, 88^ 

, boiling-point of, 37. 
freezing-curvo of mercury 8ml, 120. 
melting-point <%45. 
specific heat of, 88. 

Oadmium sulphide crystal, 53. 

Ctesium, atomic heat of, 88. 
atomic weight of, 25, 88. 
boiling-point of, 37. 
melting-point of, 45. 
specific heat of, 88. 

Calcite class, 01. 
crystal, 53, 61. • 

Calcium, atomic boat of, 88. 
atomic weight of, 25, 88. 
melting-point of, 45. 
specific lie&t of, 88. 

Calcium carbonate, dissociation of, 174. 
fluoride, solubility of, 103. 
titrate, ionisation of, 21JL 
oxalate, solubility of, 103. 
sulphate, molecular heat of, 95. 
solubility of, 10$. 
specific heat of, 95. 
thiosulphate crystals, 62. t 
tungstate crystals, 52. 

Calorie, gram, 86, 163. % • 

Camphor, equivalence parameters of, 76. 

Cane sugar, osmotic press Ae ol solutions of, 
124,141. • 

Capacity for heat, 86. • * # • 

Carbon, atomic heat of, 88, 90. 
aum.ic weight of, 26, 88. 
heat of combustion of, 165. 
specific heat of, 88, 90. 
volatilisation of, 46. 

Carbon dioxide, coefficient of expansion of, 

• 28 * , . 

critical constants of, 131. 
critical phenomena of, 88- 39. 
deviation of, from Hoyle’s law, 28, 29, 
30. 

diffusion of, 33. • 
heat •f ormation of, 165. 
liijfting-jjoints of, under pressure, 33. 
•olubility of,*in*organic hauuis, 100. 
solubility of, in water, 1CQ« • 
sulphide, heat of formation of, 165. 
enoxide,.'%ibsonihon of. b# cliarcoal, 

aos. * \ *. .*; •» 

coefficient o^expansion of, 28. 
critical constants of, 131. . • 

deviation of, from Boule’s4aw, 30. 
diffusion of, 83. ’ 1 * * 

heat offbjfoation of, 165. . 
solubilitrof, 100. 

Cart&nic acid, iijjiia&tiop of, ^23. • 

Qataallite, 303, 


• • 

! Carnotite, 803 
Cassius, pumje of, 8 
dCataly&s, 188 
Catalyst, 188 
Catalytic agent, 18S. 

Cataphoresis, 83. 

Cathode, 202. 

•Cation, 202. 

Centi'osyn^jjietry, 49. 

Cerium, atomic heal of, 88 
atomic weight of, *25, 88. 
melting-point of, 45. 
specific heat of, 88. 

Charcoal, absorption of gases by, 108, 306. 
atomic heat of, 88, 90 
specific heat <>f, 88, 90. 

Chuilcs’ law, 26. 

Cliatelier's tiieoieni, Lt, 178. 

Chemical affinity, 167. 
change, 3, Chap. V, w « 

influence of temperature on, 187. 
rate of, 181-186. 
combination, 9, 159. 
composition, 9. 
compounds, 9. 
ciy.stallogiuphy, 70-76. * 
equilibrium, 169-1531. # • 

Chlorine, atomic heat of, 88. 
atomic weight of, 25, 88. 
boiling-point of, 37. * 

melting-point of, 44. 
solubility of, in water, 100, 
specific heat of, 88. 

Chromium, atomic heal of, 88. 
atomic weight of, 25, 88. 
boiling-point of, 37. • 

melting-point of, 46. 

Specific heat of, 88. 
valency of, 28£. 

-Cinnabar crystals, 02. 

|* Classification of colloids, 81. 

of elements. See l'ait I. Chap. VIII. 
Claude's appaif tus, 325. 

CJaudetite, 73. • • 

cUveite, 303, 30^ 

CIiiiodom% 63. 4 

pinacoid, 04. 

Cohal^, atomic heat of, 88. 
atomic weight of, 25, 88. 
melting-point of, 46. • # 

position of, in pcriodic^elassifumtion, 274. 
specific licit of, 88. • 

Cobaltite, crystals of, 60» ® 

Coefficient of solubility, 99, 100. 

(Antfi, 48. 

Cotfoid,«fc> 

particles, moftlh of, 82. 
size of, 81. * 

flolloidal cl#mistry, importance of, 86. 

' asolutions, electrical properties of, 83, 

* natnft of, 80. * 

preparation of, 79. 
substances yielding, 79. 

• Tyndall tebfc for, 80. • # • 
ultif-microscope and, $0t • • , 
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Colloid al^t&te, ft. 

Colloids^absorptive power of, 8^. 
coagulation m, 83. J ' 

classification of. 81. , 

* electro-negative* 83. 
electro-positive, 83. 
incrganio, <85, * # , 

precipitation of, 83. 

« valency and, 84. t s 
Colour change, transition temperature and, 

, 69. * 

, ionio, 272. c ' 

Columbium,Atomic weight of, 25. 
melting-point of, 46. 

Combination by volume, 26. f 

Combining volumes, law of, 14. 

weights, 11-12. 

Complex ions, 216. • 

salts, 200. 

GompoiraiTs, 175. 

Compound atoms, 17. 

Compounds, 9. 

general properties of. See PaTt I. Chap. 11 
intermediate, 190. _ , 

Compressibilities f and Periodic law, 272. 
Corfaensed systems, 181. 

Conductivity, equivjdeift, 205. 
ionic, 103, 206. 

Periodic law and. 272. 
specific 205. 
transition point and, 69. 

Conductivity cell, 205. 

Conjugate solutions, 102. 

Conservation oi energy, 5. 
of mass, 4. . 

Constancy of arcgles, law of, 48. 

Constant, Avogadro’s, 83. 

crystallographic, 51. , 

equilibrium, 171. 
ionisation, 222. 

of weak acids, 223. 
radioactive, 183. 
ft yd berg, 234. ^ 

yni versa!, 234. ' ' 

* velocity' 182. ' 

Constant beat summation, 162. »■ 

Constants, table of critical, 131. 

Convergence frequency, 235. 
c <Cooling ourve, transition points and, 67. 
of iron, 68. <• f 
of water, 68. 

Copper, atomic heat of, 88, 92.' 
atomic weight of,-25, 88. 
boiling-point of, 37. K 

melting-point of, 45. 
specific heat of, 88. < 0 

Copjw ferrb-cyanide mernMne, 123. 
oxide? molecular heat of, 96. 

• specific heat of K 96. , ( r 
pyrites, crystals of, 62. 
sulphate, srystalS of, 52, 64. 
dissociation of, 213. 

_ Correspo^^g densities, 135. 

Critical *qs*staW method c h reduction flf, 
* c e . \ 


Critical constant*, table of, 185. 
phenomena^-S*. ’ 
pressure, 88. , 

' solution temperature, 1/2. 

temperature, 35,'°38. «‘ 

Cry t hydrate, 115. 

Cryohydrv’ point, 315. 

Crystal, definition,of, 48, 75. 
face, 47. ( 

indices of, 61. 
form, 50. fP 

Periodic law and, 272. 
transition temperature and, 69. 

Crystalline substances, 47. 

Crystallographic axes, 54. 
axis, 51. 
classes, 52-54. 
constants, 51. 
notation, 61. 
systems, 64. ( 

Crystallography, 47-64. 
chemical, 70—76. 
fundamental laws of, 48. 
geometrical, 48. 

Crystalloid, 78. 

Crystals, liquid, 47. 

mixed, 72. , 

Cube, 57. 

Cubic crystal, 5 r . 

system, 53, 56, 57. 

Cuprito, crystal of, 54. 

Cuprous chloride, molecular heat of, 95. 
specific hea^of, 95. 

'* 9 

Dalton’s lew of partial pressures, 26, 99. 
Decomposition, chemical, 159. 
i 1 double,'’160. < 

hydrolytic, 160, 227. 

reversible, 160. 

Degree of freedom, 175. 

Deltoid dodecahedron, 58. 

Density, approximate determination of 
vapour, 135. 

determination of ggseous, 130. o 

determination of vapour, at high terapem- 
tures, 138. u , 

Dumas’ method of determining, 136. 

Guyo’s method of corresponding, 135. 0 

Hofmann’s method of determiifug, 130. 
method of limiting, 133, 262 v • " 

Periodiolaw and, 272. , ,, < ° - . 

Rognault’s method of determining, 

Victor rMeyer’s method of-det?i mining, 
137. ' 3 o 

Young’s 4 modification for' determining, 

m. 

Dewar vacuum flasks, 42. - 
Dialysis 78, c - 

Diamond, atonic neat of, 88, 00, 92. 
crystal form $f,*159. * k> 

specific hea^of, 88, 90. 

Diffuse series, 235. 
cDitfusion, caseous, 38. t 
- *fertth$>jft b lav^ of, ?o,°33. 
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fi-teMgonslJbi-pyramid, 60. 

" pyramidal class, 53. • 

Dilatometer, 98* , 

Dimorphous, 65. c 
Di-n-gonal, 51 ^ • 

Dhoptaae crystals, 53. 

Diploid, 00. 

Disperse phase, 79. 

Dispersion media, 78. * 

Displacement, ihemical, 16$. 
Dissociation, electrolytic, 154, 211-228. 
of salts, 213, zl4. 
gaseous, 140,160, 161, 171-174. 
influence of pressure on, 142. 
influence of temperature ou, 140. 
pressure, 174. 

Distillation, fractional, 113. 

of liquid mixtures, 112 
Di-tetragonal bi-pyramidal class, 53. 

bP-pyramids, 62. • 

Di-trigonal bi-pyramids, 61. 
pyramidal class, 53. 
sealenohedral class, 53. 

Domal, 52. • 

Dome, 52. 

Doppler effect, 314. 
argon, 340. 
m helium, 314. 

Double salts, 200, 201. 

Dualistic theory, 19$. 

Dulong and Petit’s law, 89. 

exceptions to, 90-91. , 

Dumas’ vapour density method, ] 

Dyak is-dodecahedral class, ^4r 
dodecalicdrou, 60 \ 

Dynamic allotiopy, 67. • # 

equilibrium, 170. • 

Dysprosium, atomic weigh t^)f, 25$ 


Eaivi%s, 191. 

mild, 191. 

Edges, crystal, 47. 

Ellusion of gases, 34. 
instein’s formula, 93. 
lectrical osmos$, 83. • 

• properties of colloids, 83. 

Electrtf cheitflcal equivalent, 202. 

Electrodes, 202. 

Electrolysis. 201. # 

Electrolyte, 201. 

flpm'-.itiVn.v of, 204- 206. 

Electrolytic cml, 20?. 
dissipation, 154, 211-228. t # 
.Arrh’lhius’ tlieory.of, 212. 

Clausius’theory gf, 211. • 

*9rotthur thefcry%f, 21J* •% 

. oUaltB', $13. 2i4. * ‘ 

Electromotive force, transition pop^s and, 

* 68 . * % 

KlectHi-nog^tive colloads, 8|. • • . 

elements. 20JI • > 

Eletftro-posit^ colloids, 83. r 
' ek#nents,..203.* # 

Semrati, 7, I A * 


[ Elementary substance, 8. 1 
Elements, classification of, Partjt. Chap. 
L rVIIlf • ». r 

distribution of, and Periodic law, 272. 
general properties of, flirt 1. Chap. II. • 
hardness of, and the* l£uioaio law, 

, 272. ( • 

• periodic properties of, 272. 

period^table of 269. 
prediction of new, 276. 
relative abundance of, 8. • 

spectra of, 234. • 

table of, 25. 

transparency of, to X-rays, 2 
Elements of synnwtiy, 49. 

fielding colloidal solutions, 1 
Khastite, 333. 

Eiiftiitiomoi pbous forms, 50, 51 
Enautiotrupy, 65. 

Endotbcrnuc compound, 164. 

reaction, 162. 

Energy, conservation of, 5. 
dissipation of, 6. 
free, 169. 
intrinsic, 161. * 

Entropy, 169. 

Equation, chemical,*24 • 

incompleteness of, 25. 
gas, 27. 

Equatorial symmetry, 54? 

Equilibrium, chemical, 169-18 
constant, 171. 
displacement of, 178. 
dynamic, 170. 
law of chemical, 171 
of heterogeneous systems, W 
Equivalence parameters, 75. 
of camphor, 76. 

Equivalent, electro-chemical, 202. 
conductivity, 205. 

4 ratios, law of, 11, 12. 

weight, uetoiinitiation of, Part I. Chap. 
VII. # • 

Erbium, atomic weight «f, 25. • 
ifthanc, critical constants of, 131.. 

Ethylene, 4 Iillusion of, 33 
Ethylene di-bromine, molecular depression 
of, 209. 

Europium, atomic weight iff, 26. 

Eutectic, 110. * • # 

Euxeuito*303. , 

Exothermic compound, 164. 
reaction, 162. 

• « ' 

Pack, coralline, 47. 
fundamental^!, 
indices of, 51. ** 

.similar, 4|, 50. 

* symbol, 51. * 

^aradby’s^aws, 202. 

Fergusonite, 30f, 804, 8t«. _ 

Ferriofthloride. solubility of, IQfJSLlS. 
Ferrous sulphaw, crystal s#f,^4l 
Filters, Ijpchhold, 81. * # • «-■, 
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Fixed ratfes, law\f, 10. 

Fluorine* atomic weight of, 25. 
boiling^pojptof, 36. • 

melting-point of, 44. 
rFluor-spar, orystalfof, 54, 57. 

Form, crystal, 56. 

Formation, heaj of, K^. 

Fomiio acid, molecular degression of, 209. 
Forms, crystal, combination of, 50> 

* enantiomorphous, 56, 07. 

Formula, 23. ' 
molecular, 24^189. 

Vractional ci^stallisation, 121. 
distillation, 113. 

Free energy, 169. f 

K*idom, degrees of. 175. 

Freezing'-point, molecular depression of, 122, 
144. 

curves, 116-120. 

freezing-joints of dilute solutions, 121. 

of solutions, 114. 

Frequency, convergence, 235. 

oscillation, 234. 

Fundamental face, 51. 

.sejpos, 238. 

i ^ * 

Gadolinium, atomic weight of, 25. 

Gallium, atomic heat of, 88. 
atomic weight ofj 25, 88. 
melting-point of, 45. 
specific heat of, 88. 
valency of, 285. 

Gajnet, crystal of, 57. 

Gas equation, 27. 
laws, 26. «, 

validity of, 28. 

Gaseous density, determination of, 130. j 
Gases, diffusion of, 26. f 
liquefaction of, 39-43. 
permanent, 40. 
solubility of, in gases, 99. 
in.liauids, 99-102. * 

in solids, 107. r r 
, Specific jieat of, 96. r 
, Germanium, atomic heat of, 88. , 
atomic weight of, 25, ©8. 
melting-point of, 45. 
t specific heat of, 88. 

Glucinum, atomic lipat of, 88, 90. 
atomic weight of, 26, 88. 
boiling-point of, 37. 
melting-point of, 4 5. 
specific heat of, 88, 90. 

Glycerosol, 78. 

Gold, atomic heat of, 88. 

^Jomic weight of, 25, 88* n 
boiling-point of, 87V 
c-melling-point of, 46. 
specific heat of, 8o. 

Graham’S law of diffusion, 26. 

Gram calor$f 86. 

Granite, 

' GUmmitpW e, . 

Gypsum? oryatiljfonn of, t>». 
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Haloij$ salts, 194. 

Hampson liquefiifr, 41. - - 

Hardness of elements, Penoflitf law and, 272. 

Heat, atomic,'86. A 

integral, of solution loo. t 
ligiiting, of solution, 166. 
molecular, 86. 
specific,*^. ^ 
unit of, 86. 

Heat capacity, 86. 
of dilution, 166. 
of formation, 164. 
of reaction, 163. 
of solution, 166. 

summation, law of constant, 162. 
tone, 162. 

Heats, table of atomic and specific, 88-89. 

Helium, absorption of, by charcoal, 108, 
306 

absorption of cathode rays by, 315. c 
an ailotrope, 300. 
a product of disintegration, 305. 
atomic weights of, 26, 821. 
boiling-point of, 36, 294. * 

chemical inertness of, 318. 
compressibility of, 294, 808. 
critical data for, 294. 
density of, 294' 308. 
detection of, £21. 
dielectric cohesion of,r312. 
diffusion of, 308-309. 
dispersion of, 294, 811. 

Doppler effect in, 314. 
eyolution ol\ tpom radium, 359. 
fossil, 308/ 
history o(, 298f. 
isolation^, 303. 
liquefaction of, 316. 
meltifig-point of, 44. „ 

minerals containing, 303. f 
molecular weights of, 294, Jp8. 
occurrence of, 301. 
percentage of, in air, 801. 
presence of, in meteorites, 303. 
properties of, 307-316. 
purification of, 3Cfo. * 
refractivity of, 294, 310. 
separation of, from hydrogen?'307. 
solubility of, 100, 294, 309. 
specific heat of, 31$. 
specific heat ratio, 294, 316. , 

specific inductive capacity of,‘ol2. 
spectroscopic detection of, 2»8, 80H A 
spectru^i g%313. ° 

springs containing, ^01, 302. 
supposed.compound^)f, 320r 
tabWpropt^ies (tf 224. # 

thermal conductivity o\, 29 4, 310.. 
vapour pressures of liquid, 317. 
viscosity oL 294, 309. 

( ^eerar.n effect jp, 314. 

Hemi-brachvdome, 6#. ■ 
hedrism, off. 
maorod^me, 64. 
i* Morphism, fy. 
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flemi^orphit* crystals, <58. 

Tprism, 64. # • 

pyramids, 6% •. 

Henry's law. 101. . 

Hess, laW of, 1^2. * « 

Heterogeneous substances, 6. 

Hexagonal bi- pyramid, 60. 
crystal, 66. 

system, 63, 65. • 

Ffexakis octahedron, 67. • 

tetrahedral class, 64. 
tetrahedron, 58. 

Hofmann’s vapour density method, 136. 
Holmium, atomic weight of, 25. 

Holo-axial symmetry, 54. 

Holohedral classes, 52-56, 60 64. 
Homogeneous substances, 6. 

Homologous lines, 238. 

Hydracids, 194. 

Hyd*ates, 200, 217. 9 

Hydration, 217. 

Hydrazine, ionisation of, 223. 

Hydrogen, absorption of, by charcoal, 306. 
atomic weight of, 26. 
boiling-point of, 36. 
charcoal absorption of, 108, 
coefficient of expansion of, 28. 

Critical constants of, 131# 
deviation of, from Boyle’s law, 28, 29, 30. 
diffusion of, 33. # * 

through metals, 107. 
melting-point of, 44. 
position of, in periodic table, ^274. 
solubility of, 100. v 

Hydrogen chloride, associatren*ff,*156. * 
critical constants of, 1<U. 
solubility of, 100. 

cyanido, ionisation of, 223. » , 

iodide, dissociation of, 17?-172, 184. 
peroxide, (^composition of, 185. 
sulphide, critical constants of, 131. 
diffusion <Jt, 33. 
ionisation of, 223. 
solubility of, 100. 
theory of acids, 194, 

Hydrolysis, 160.* • 

• salt, 227. 

Hydrolytic decomposition, 160, 227. 
Hydrosol, 78. 

Hydroxides, 198. **'» 

basic, 19ft • 

dblloT^af. Jutions^f, 80. 
yielding colloidal «olutions, 79. 

• 

IcBifANP spar,^J. • 

[cosite trahedftm, 57.** 

Ideal solution* 209.* 

IHocrase crystal, 63. 

Indices of crystal face, 91. • 

Indiofj, atomic heat of* 88] 
atomic Wdigta of, 25f 88i 
pielting-pohft of, 45. 
specific heat of, 88. 

. valenqy of, 288. s 


•induotihn period, 185. 

Inert gases, 29§. 

eleimmtary^niture of, 294.• * 

general comparison of. See nfrfc II. Qliap. 

II. • 

position of, in periodic table, ^95- 2 n>7 
table of properties of,jg94. 

^Integral molecules) 2?. 

Intercepts. 49. 

law of rational, 40. 

Intermediate compounds, 19< 
ions, 216. t 

Internal re-arrangements, 16 
Intrinsic energy, 161. 

Invariant systems, 176. 

Iodine, atomic heat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 36. 
melting-point of, 4m 
periodic table and, 274. 
specific heat of, 89. 

Iodine chloride, inonotropy ot 
Iodo-succinimide crystals, 53. 

Ionic colour and tho Periodic .. 
conductivity, 14)3, 206. 
mobility, 2«7, 218. • 

and atomic weight, 217 
and the Periodic law, 27$. 

Ionisation constant, 222 
primary, 223. 
secondary, 223. 

Ions, 202, 204. 
complex, 216. 
intermediate, 216. 
migration of, 206. 
mobilities of, 207. 

Indium, atomic heat of, . 
atomic weight of, 25, 89. 273. 
bailing-point of, 37. - 
meltiug-pomt^f, 16. 

I sjfee.ilic heat of, 89. 

Iron, allotrdjjy of, 68. 
atomic heat of, 89. 
atomic weight of,^6,^9. 

•boiling-point of, 37 
melting-point of> 45. 
specific neat of, 88 . 
transition points of, 66, 70. 
valency of, 286. • 

Iron sulphide, molecular heat of, 
specific heat Of, 96. * * 

Isodimorpliapi, 73. * 

Isomorphism, 70, 77. 
atomio weights and, it. 

.criterion iff,# 72. 
law of^U- 
Acogninon of|»l. 
solid solution and, 109-110, 

Isomorphous elements, 78. 

• • table o* 74. • 

• overgrowth, 73. 
series, 73. 

Isopofymorphism, 73. 

Isutonio 8oluti<%»s, 126. 

Isotrimoi-plnsm, 73. 
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82, 42. 


KiisjsMT*, $03. 

"ohlrausch's lawy204. 
kopp’s law w 95, *96. 

Lrypton, atomic, weight of, 26, 294, 350. 
aurora borealis ana, ^297jf 349. 

boiling-point of, 36, 294. 
oompre&aibility of, 294^348. 
critical data-for, 294. 
cfensity of, 29A, 847. 
history of* 846. 
isolation of, 347. 
melting-point of, 44, 294. 
e^nolecular weight of, 294, 848. 
occurfence of, 346. 
percentage of, in aip. 346. 
properties of, 347-350. 
r refia$tj*fity of, 294, 348. 
solubility of, 294, 348. 
specific heat of, 350. 
specific heat ratio, 294, 350. 
spectrum of, 348. 

, taj4e of properties of, 294. 
viscosity of, 29 r 4, 348. 

Zeeman effect in, 350. 

Uhdsberoir-Soi URu apparatus, 149. 

Turne? and Pollard’s form id, 150 
Lanthanum, atomic licat of, 89. 
atomic weight of, 25, 89. 
pelting-point of, 45. 
specific lieat of, 89. 

Lanthanum nitrate, ionisation of, 213. 

Sulphate, ionisation of, 213. 

Lai*, Babo’s, von, 114. 

Blagden’s, 121, 122. f 
Boyle’s, 26. 

. deviations from, 28. 

Charles’, 26. 

Dalton’s, 26, 99. 

Dulong «d Petit>, 89 
Faraday’B, 202. 

Gay-Lussac's, 26. 

Graham’s, 26. 

Henry's, 101. 

L Hess’, 162. ' 

Kohlrausch’s^ 204. 

Kopp’s, 95. *■ 

.Tjussac s, Gay-, 2o* 

Neumanns, 95. t 
Ostwald’s dilution, 221. 

Periodic, 268. 

Raonlt’s, 114. 

■ Troutonte, 157. 1 1 

Wiilfeier’s, 114. « . 

Ifcw of chemical equilibrium, 1 
of Combination b^ volume, ( 2e. 
of combining volumes, 14. 

weight^, 0 12. i 

of cona&iMion of energy, 5, 


Law o#constant heat smbmatipTii U% - 
of diffusion ©ftys«8, 26; * 
of equivalent ratios, 11, t2#... 
m . of fixed ratios, 10. 

of isomorphism, 7Jf ‘ / 

of mass action, 168, 18L 
oi maximum work, 169. 
of multiple proportions, 10. 
of octaves, 268/ 
of partial pressures, 26. r 
of rational intercepts, 48. 
of symmetry, 48. 

Lead, atomic boat of, 89, 92. 
atomic weight of, 25, 89, 282. 
boiling-point of, 87. _ 

froezing-curve of silver alloy sot, 117. 

of magnesium alloys of, 117-118. 
melting-point of, 46. 
specific heat of, 89. 
variation in atojnic weight of, 282. « 

Lead chloride, association of, 156. 
chromate, solubility of, 103. 
iodide, molecular heat of, 95. 

specific heat of, 95. • 

molybdate, crystals of, 52. 
sulphate, molecular heat of, 95. 
solubility of, 103. 
specific heat* >f, 96. 
sulphide, molecular heat of, 96. 
specific heat of, 96*. 

Leucite, crystal form of, 67. 

Limiting densities, 133, 162. 

Liquation, 121. 

Liquefaction *f pises, 39-43. 

LiqWier, flympson, 41. 

Liquid crystals, /7. 

.X.iquiSlr^ofiular weight of pure, 154-158. ^ 
Lithium, atomic heat of, 89. 
atomic weight of, 25, 89, 25<h-2W. ^ „ 
boiling-point of, 37. 
melting-point of, 45. 

specific heat of, 89. 

Lithium chloride, preparation of pure, 251. 
Lutecium, atomic woight of, 25. f 

Macrodomks, 63. 

Macro-pinacoids, 63. 

Macro-pyramids, 62 

Magnesium, atomic licat of, 89. ** 0 fi 
atomic weight of, 25*89. 4 t 

melting-pniht of, 45. , () 

specific (mat of, 89., < 

Magneaiem atiMimmttip phosphate, 52. • 

potassihny sulphate, 52. 
sulphate, crystals of, 522 
Magnene susceptibility, - Periodic law any, 
V,72 (, > . i - • 

Malacone, 303, 338. " ■ c 

Manganese, atomic heat of, tt^, 

atomic weight of, 25, 89. u 
^ «iboiling%oin^of, 3 ft, 
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*Ung5nese, mating-point of. 46. 
specific heat of, 89. # * 

farsh gas. £«% M ethane. 

Isas, conservation of, 4. 

action, law of, 101, 181. 

(faxiiuuw work, law of, 109. 
dedia, dispersion, 78. 
del tiyg-point, 43, 

influence of pressure oft, 43. 
methods of determining,«4 4. 
points, tabloof, of elements, 44-40. 
transition points and, 69. 

VfendeteefPs periodic table, 269. 

Mercuric bromide and iodide, freezing-point 
curve of, 119. 

chloride, dissociation of, 142. 

influence of water on dissociation of, 
189. 

iodide, freezing-point curve of, 119. 
molecular heat of. 95.# 
specific heat of, 96. 
transition point of, 66. 
oxide, 4. 

molecular hoat of, 96. 
specific hoat of, 96. 
sulphide, 4. 

molecular heat of, 96. 

* specific heat of, 96. • 

Mercury, atomic heat of, 89. 
atomic weight of, 45, 89. 
boiling-point of, 37. 
effect of heat on, 3. # , 

freezing-point curvo of eanmium and, 

120 . 

melting-point of, 44. 
properties of, 3. 
specific heat of, 89. 

Meta-acids, 199. 

Metalloids, 9., 

Metals, 8? • 
physical properties of, 8. 

Meta-neon, 32?J, 

Metathesis, 160. 

Methane, critical constants of, 131. 
diffusion of, 33. 

J&ethyl chloride, asritiealmonstaiits of, 131. 

• axide, critical constants of, 131. 

Migratfbn oftons, 206. 

Miller’s method, 55. 

Mixed crystals, 72. 

Mixture off lulorior, 37. 

Mifth-a, j 

Mobilities of i0ns/"2ft7. 

Molcoriar distance ratios, 76. 9 
fojmulft, 24, 189, 153. * 

1 heats, 86. • * « # 

volumes, 1 $5. <* % * % 

. weights, 22? Set Part I. Chap. IV. 

abnormal, lt9, 154. 

• balctlation of, 263. • 

SOtaduc^ivity me^urenle^ilnd^l50. % 
d^j<re8Sionj»f fieezfng-foitita.nd, 144. 

. '... ddpressi^fof vapour tensiim and, 146. 
determinhtiftn of, from osmotij pressure, 


^yioleculftr weights, determination of, 
solution 143. t , j 
9 el^atioirof boiling-poihfcmyi, «8. 
e^aefc determination of, 130." ’ , 

influence of solvent om 152. 
surface tension and, 164# 
of gases and vapour*, 129-130. 

\ of pure liquid*, 1#4 153. 

Molecules. 21. 
elemenfffry, 21. » 
integral, 21. s 

Molybdenum, atomic heat 89. 

atomic weight of, 26, 89. # 

boiling-point of, 37. 
moltmg-point of, 46. 

^eeific heat of, 89. 
valency of, 285. 

Monazite, 303, 304. $ 

Monoclinic system, 52; 54, 63. 

Mouotropy, 66, 67. , 

Morgan’s suvface tension method, 1 
Morphology of crystals, 7 6. 

Multiple propoitions, law of, 10. 
Multivalency, 77. . 

Muriaticum, 194.• 


NaKGITE, 303. 

Neodymium, atomic weight of, 25. 

melting-point of, 45. • 

Neon, absorption of, by charcoal, 2 
atomic weight of, 25, 291, 329. 
boiling-point of, 36, 294. 
oompres*ibility of, 294, 327. 
critical data for, 294. 
density of, 294, 327. 0 

dielectric cohesion of, 327. 
history of, 322. 
illation of, 324. 
luniefaction off328. 
melting-point of, 44, 294. 
occurrene<?of, 323. 
jicreentage o£ in air, 323. 
permeability of q^utj to, 326.# 
•properties of, 327-3 
refractive indexed, 294. 
refracti^ty of, 2JA, 327. 
solubility of, 294, 827. 
spectrum of, 327. * 

tablo of properties of, 294. 
viscosity of, 329. * 

Zeeman efffot in, 828. * 
Neoytterbium, atomic weight of, 4! 
Nepnelometer, 246. 

Neumann's la4W, 95. 

Nicfel.^ttfiiic heat of, 89, 91. 
jftomic weigh^sf, 25, 89. » 

melting-point of, 46# 
periodic classification and, 274. 

* ^specific heatrtif, 89, 91? 

•Nickc 1 oxide, molecular heat of, 90, 
specific heat of, 96. 
Niobiie-oolumlnte, 303. 

Niton, absorplfcn of, by 
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iton, optical ckta of, 294, 358. * 

density of; 29^, 857. 
histo^ofJHkS.- 
isolation ot, 856. 
melting-point tf, 44, 294. 
occurrence of,*355. 
p^pperties o£, 356*858. 
rad ioactivf change <?f, 3S8. 
solubility of, 294, 357. 
apcotrum of, 357. r 
table of properties of, 294. 
ftfrio acia andr water, freezing-point curve 
of, 118* 

oxide, critical constants of, 131. 
determination of density of, 260. 

*V« physical data for, 262. 0 

preparation of, 255. 

Nitrobenzene, molecular depression of, 209. 
Nitrogen, absorption of, by charcoal, 108, 

atomic heat of, 89. 
atomic weight of, 25, 89, 254-264. 
boiling-point of, 36. 
critioal constants of, 131. 

,_d$vfation of, from Boyles law, 28, 29, 30. 
diffusion of, 35*. 
melting-poinj; of, 44.^ 
solubility of, in dlganic liquids, 100. 

in water, 100, 101. 
specific heat of, ^9. 

NitrogeiS peroxide, association of, 141-148. 
(dissociation of, 173,179, 189. 
preparation of, 256. 

, results of analysis of, 261. 

Nurosyl chloride, analysis of, 256. 
preparation pf, 256 
results of analysis of, 262. 

Nitrous acid, ioir’sation constant of, 223. 
oxide, analysis of, 257. ( 

coefficient of expansioifof, 28. f 

.critical constants of, 13J. f f 

deviation of, from Boyle’s law, 30. 
diffusion of, 38. f 

gravimetric analysis of, 267. 
f . * gravimetric analysis results, 261. ' 

physical data for, 26‘/ f ' 
preparation of, 256.* 
volumetrio analysis of, 257. 

, volumetric tf.ialysis results, 262. 

Noble gases, 293. See Infert gases. 
Non-metals, 8.' 

physical property of, 9. < 

Normal sails. 196. , 

Notation, crystallographic, 51. 


Occlusion 107. ' f 

Octahedron, 67. ' 

Oitaves, law of, 268. 

Olivine, crystal forfh of, 63. e 
Open forms, 60. » 

prism fojffiS, 60. 
Organospl^LP- 
c Ortho-arfS^t.lSC. , 
Ortlioclrf^64t 0 


Ortho-lomes, 63. 

Ortho-pinacoid^' 6*. 

Ortho-rhombfc crystals, 55f 
• system, 62, 56, 62.. 

Oscillation frequency 2$. y 
Osmium, atomic heat of, 89. • 

atomic weight of, 25, 89, 273. 
melting-point of, 4.6. 
specific heat of*89. 

Osmose, electrfeal, 83. • 

Osmotic pressure, 122-127. 
conductivity and, 124. 
gas laws and, 124. 
indirect measurement of, 126, 
measurement of, 123. 
molecular weight and, 144. 

Raoult’s law and, 126. 
temperature and, 124. 

Ostwald’s dilution law, 224. 

Oun, 240. r 
Overgrowth, isomorphous, 73. 

Oxidation, 159. 

Oxides, 197-198. 
acidic, 197. 
amphoteric, 198, 227. 
basic, 197. 
neutral, 198. 
per-, 198. K 
sesqui-, 198. 
sub*, 198. * 

yielding colloidal solutions, 79. 
Oxygen, absorption of, by charcoal, 108. 
atomic heat of, 89. 
atomic weigh^of, 25, 89. 
boiling-po^it bf, 37. 
critical constants of, 131. 
deviation of, from Boyle’s law, 30. • 
t diffusion of, ^3. 

meUi'.ig-point of, 44. ? 

solubility of, in water, 100, Wl; f ’ 
specific neat of, 89. 

Oxygon theory of acids, 192. 

Ozone, decomposition of, 184, 188. 


Palladium, atomii heat of, 89. 
atomic weight of, 25, *89. 
boiling-point of, 87. 
melting-point of, 46. 
specific heat of. 89. 

Palladium hydride, t)7. 

Parameters, 51. 
equivalence, 75. 
of camphor, 78. 

Parheliurfi, 30fi. * 

Partial prewure, Daltqn’s law, of, 26. 

PentagftKil doffcoahcd^m.^Q. K 
icositetrahedral class, &3. f> ! 

Period, induction, 186. 1 

Periodic law., 268 . 1 ‘ 

atomic Sirrcltire and, 270. t 
atomic rplunYea rfnd, 27 
exceptions to, 274: 
radio-elements and, 27S 
^ « rare *rth^and, 
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yiiiiblaw, v»l«ncy«id, 286 
I'properties oP elements. 27% 
table, advantages of, 275. 


imperfections in, 278. 

Mendel6effs, 2J9. 1 

' modifications of, 2*5. 

?ermanent gases, 40. 

?er-oxides, 0, 

Phase* 6. 

•disperse, 79. 

Pha9erule, 174-178. 

Phosphine, critical constants of, 131. 
Phosphorus, association of, in carbon di¬ 
sulphide, 162. 
atomic heat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
mefting-point of, 45. 

underpressure, 43. 
specific heat of, 89. 
valency of, 285. * 

Phosphorus penta-chloride, dissociation of, 
173, 

tri-chloridg, association of, 156! 
Photochemical change, 186. 

Physical changes, 3. 

Pinacoid, 52. 

4>asal, 61, 63. 
brachy-, 63. 
macro-, 63. 

Pitch-blende, 298, 3$3. 

Plane, axial, 51. 
basal, 61, 62. 
parametral, 51. 
of syrnmctiy, 49. 

Plasmolysis, 126. 

Platinum, atomic heat of, t., 
atomic weight of, 25, 89, 273. 
boiling-point of, 37. * 

colloidal*^ catalyst, 188. 
fitting-point of, 46. 
specific heatTff, 89, 91. 

Polar symmetry, 54. 

Polyb&sio acids, 194. 

Polycrase, 308. 
polymorphism, £4, 65. % 

• $nantiotropic, 66. 
irreyjrsibjf., 67. 
raonotropic, 67. 

i types of, 65. 

Potassium atomic lieahof, 89. i 
Jfcojnio%%ight of, 2/, 89. 

4)oililig-poi%t 

irrtt^ng point of, 45. a 
period#; classification and, 271. * 

• solution of, in amnamia, 177. 

specific heat*o,f, 89 f * % % ' 

Potassium chk>ridef ntolecifiar l%at o% 95. 

• Bjjecifio heafcof, W. 

• di-chromate crystal sj 6 4, • • 

di-hydrogen phosphate cfyatfif, 63. 
ftr^p-cyanide, osmd^c p|e«u|3 of, % 120.% 
magnesium^lulphate crystalijf 52.?' 
Derate, association of, 156. 

erysta'ls of ^53. 


Potassium nitrate, frecsinglioint turve o 
thallium nitrate and" 120. v ’ 
transitionaloint of, 66 ; • • £ 

• sulplate, cry hydrio pointTof/i 11 %fr 

crystal: of, 52. # 

degree of dissociation of^ 213. 
tetra-thionale crystals. 52. • 

Praseodymium, atomic weight»|f, 25. • 

* melting-point or, 45. 

Precipitates, solubility of, 245. 

Prediction of new elements, 275. 

Pressure, critical, 38. • 

dissociation, 174.. • 

gaseous solubility and, 101. * 
osmotic, 122. 

Uflubility and, 107. 
transition points and, 69. 
vapour, 34. 
of solids, 40. 
of water, 85. 

Principal series, 235. 

Prism, 52, 63. 

Properties of elements and compounds. *Se 
Part I. Chap. II. 
of gases, 26-34. * 
of liquids, 34-^. 
of solids, 43 46. 

Protopyramid, 62. # 

Prout’s hypothesis, 265. 

Purple of Cassius, 80. 

Pyramid, 52. * 

Pyramidal class, 52, 63. 

Pyrites class, 00. 

crystal, 60 . 

Pyritohedron, 00. 

Pyrochlore, 303. I 

Quadratic system, 0: 

Quantum them^Oa. 

Quaiter pyramid, 64. 

(IQuartz elassf 61. 
crystal, 62. 

Quicksilver. 4 >'ee Mercury. ^ 

RADIOACTIVE coilsbints, 183. 

transformation, fo3, 180. 
Radio-elements, periodic classification am 
279. 9 

table of, 279. • • 

Radium, atomic weight of, 25, 239. 
Ramsay andflhield’s surface tension metha 
164. • % 

Ramilt’s law, 114. 

of chemical change, 181. 
R^ion8lAterceuJ.s, law of, 48. 

Reaction, balanced, 170. 

heat of, 163. * 

• reversible* 109-171. a 
p •velocity of, 181. 

P RecafesceTice point, 70. * 

Reduction, 15%% _ 

Refractive indices, Periodic la* 

” 'frigeration, * el f-in tentapr e7^ 
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J R&gB*ul#s wetbS for. gas densities, 0 ,! 30. ; 

- Relative Ctrengttjls of adds and bases, 221. 

• Resistance, specific, 205. ' 

Reveft^Ja ructions, 169-171.' 

Rhodium, atomic heat of, £9. 

IK atomic weight of, 25, 89. 
boiling-paint 8 f, 87. 
mdting-po^t of, 4 \j„ 
specific heat of, 89. - 
Rhombic dodecahedron, 57. r 
sphenoids, 68 . r 

system, 62.. «■ 

Rhorabohedra, (R. 

RhombohodrQ class, 53. 
system, 61. 
v Jtpck salt, 303. 

JKuaidium, atomic heat of, 89. 
atomiif weight of, 25, 89. 
boiling-point of, 37/t 
melting-point of, 45. 
c series#. .es of, 237. 

specific heat of, 89. 

Ruthenium, atomic heat of, 89. 
atomic weight of, 25, 89. 
bojlyig-point of, 37. ‘ 

•swj&ting-point 9 if, 46. r 
specific heat of, 89. 

Rutile, 803. • ( 

Rydberg constant, 234. 

c 

Salt hydrosol, 227. 

Saits, 191-193, 199-201. 
acid, 196. 
ajuphid, 194. 
basic, 199. Is,) 

colloidal solutions of, 80. 
complex, 200 . 
double, 20 J). r '* 
haloid, 194. «.• 

normal, 196. 
triple, 200 . 

yielding colloidal solutions, 79. 
Samarium, atomio weight of, i 3. 
melting-point of, 46. * 

' flamarskite, 303, 304, 318. r 
8 c»lcnohodra, 61. 

Scalenohedral class, 53. 

Scandium, atomic weight of, 25. 

Selenium, atomic* heatof, §9. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
melting-point of, 46. ' 

specific hfcat of, 89. 
valency of, 285. f 

Self-intensive refrigeration, 41. 
Renannonite, 73. , 

Serfw, diffuse, 285. ( 

fundamental, 288. c 
+ principal, 236. t < 

sharp, 235. 

Series - lines, ^,4. *’ 

, Sesqui-o^i^ps, 198. 

MaipBerifftCty , 

Silicon, arogfc heai^f, 89, 90. v 

' * *. f c. 


Silicon,, atomio weight of, 25, 80. 
boiling-point (f, 37. 'T; . 
meltiBg-pqintof.^5. ■' -a 
specific heat of, 89, 90. 

“ valency of, 285. # <> t r 

Silicon tetra-chloride, association o£ 156* 
Silver, atomic heat of, 89, 92. 
atomic weight of; 20, 89. 
boiling-point of; 37. 
colloidal, 80* . « - 

freezing-point curve of lead alloy 
117. 

melting-point of, 45. 

Specific heat of, 89. 

Silver bromide, solubility of, 103. 
chloride, association of, 156. 
molecular heat of, 95. 
solubility of, in water, 103. 
specific heat of, 96. 
iodide, solubility of, 103. 

transition point of, 66 . 
nitrate, transition poiut of, 66 . 

Similar faces, 48, 60. 

Simple atoms, 17. c 

Sodium, atomic heat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
melting-point of, 45. 
solution of, in ammonia, 177. 
specific heat tff, 89. 

Sodium chloride, cryohydric point of, 
115. 

crystal of, fc7. 

degree of dissociation of, 213. 

♦effect 6 f niV&ure on solubility of, 107. 
freezing-point curve of, 116. 
nitrate, association of, 3 66 . 
per-iod^!) crystals, 63. 

* sulphate, soluoihty of, 105. 
the phase rule and, 176. c 0 * 
sulphide, 197. 

Sol, 78. 

Solid solution, 109. 

isomorphism and, 109, 110. 

Solids, properties of, 43-46. 
solution of, 111 liquids, 102-109. 
in solids, 109. 

Solubility, 98,100. 
minima of gaseous, 101 . 
transition point and, 69. < 

variation otfgaseons.>, with pressure, 101 . 
with temperature,V 01 . n 0 t . 0 

Solubility of gases in ga^,- 99, 
in organiefliquids, 100 . 
in so&ls® 107. 
in water, 100 . r 
of precipitates 245. 
prodiffit, 2«4. 

Solute, 98. 

influent© <£ on solution, 104. 

Solution. tSTJStf Part I. Ohap. 1IL 
definition (W, 7, C* 8 . </ r “ ‘ 
effect of pressure on, 10 ^, 
temperature or, 104. « 

0 fyeat of, £36. 



Soluflbo, ideal, 209. 

* ^Influence of gblute on, 
of solvent 06. * 
integral hdkof, 166. 
limiting he^ot', 1 J 0 . . 
solid, 109. ^ * 

temperature, critical, 102 . 
theory of dilute, 208-2 iv 
Solutions, conjugate, 102. \ 
distillation of, 112 . 
freezing-pointsnf dilute, 114. 
isotonic, 126. 
supersaturated, 110 . 
vapour pressure of, 111, 113, 
of gases in gases, 99 
in liquids, 99. 
in solids, 107. 
of liquids in liquids, 102 . 
of solids iu liquids, 102-107. 
ill solids, 109-110. 

Solvation, 217. # 

Solvent, 98. 

influence of, on solution, 106. 
Sorption, 109. 

Space lattice, * 6 . 

Specific conductivity, 205. 
heats, 86 . 

•Dulong and Petit’s law pf, 89. 
mean, 86 . 

quantum theory and, 92. • 
heats at low tempefttnres, 92. 
of compounds, 95. 


of water, 86 . 
resistance, 205. 

Spectra of elements, 234. 

Sphene, 303. 

Sphenoidal class, 52. 

^Spinel, crystal form of, 57. 

Str<J^ium*^oftiic weight oi, zv. 
iflfH^ng-point of, 45. 

Strontium antiti^nyl tartrate, 53. 

h fluoride, solubility of, 103. 
sulphate, molecular heat of, 95. 

solubility of, in water, 103. 

« specific heat qf, 96. ^ 

Stiipnnine sulphate, 62. 

Sublimation, 4 6 . 

Sub-oxides, 198. 

Substitution, 160. 

Sucrose, inversion of, 18fc I 
osmotic {Jtmsure of seditions of, 160. 

Suljrfiid £ 8 ? co. Ilqjdft^apitions of, 80 

, Sulplwr # allotropy off 66 . * 

atomic l^at of, 89. 

♦atomic weight of, 25#89. 
^>oiling-poin4 9f, $7. • ' 
dynamic al loVoj»y67 - * 

^neltirfg-point o4 46. 
properties of, 8. • * 

rlmmbic crystals of, 
sjJibnM heat o£, 


transition poipt of, 66 ,. 69, 
valency of, 185. 
vapour^ dissociation 141. j 
* VOL. I. 


^llphur^u-oxiae, coeificient^ expansion of, 


critical co^Aants of, 13V. 

• diflfcsion of, 33. * » 

liquefaction of, 39. 
solubility of, in water, 100 . 

mono-chloride, association of, If 6 . 

•Sulphuretted hycjjo^iT? *V«# # Hydrogen 

• suljdiidc. 

Sulphuncmcid, association of, 156. 

Sulphuryl chloride, Association ol, 166. 

Supei saturated solutions, 110. • 

Surface tension and molecubi? weight, 154 

Sylvine, 303. 9 

Symbols, 23. 

ti^le of, of the elements, 25. 

Symmetry, 49. 
alteiDating, 54. 
centre of, 49. 
elements of, 49. 
equatorial, 54 
holo-axial, 54. 
law of, 48 
plane of, 49. 
polar, 54. 

Synthesis, 169. * 

System, cubic, 58, 5' 
hexagonal, 68 , 65. 
monocltmc, 52, 64 
ortho rhombic, 62 
tetragonal, 52, 65. 
tri-clinic, 52, 64. 
trigonal, 53, 56. 

Systems, ciystallogiaplno, 52-64. 
heterogeneous, 173, 1M. 
homogeneous, 171, 1^ 
invariant* 175. 


TanAlum, atom^heat ot, 8! 
atomic weight of, 25, 89. 

%melting-poi«t of, 46. 
specific heat of, 89. 

Tartaric acid (ratals, 52. 

TeUunc screw, 268. • * 

Tellurium, atomic lp?uL of, 89. 
atomic w#glit of, 2 j>, 89. 
boiling-point of, iu. 
inelting-pomt of, 45. 
specific heat of, 8 SJ. 
valency of, 285. 

Tellurium and periodic classification, 274 

Tempciatuie, futital, 35, 38 
ciiticftl solution, 102 . • 
eIKt of, on fpiseous solubility, 101 . 

«<*! solution, 101 . 

TerUunp^Kfimn 1 mdght of, 25. 

Tetragonal bi-pyiffmnis, 62. 
crystal, 55. 

_ 8 |)heiioids ( < 2 ^ • 

-pjatem, 62, 5* 62. 

Tetrah?drHf j.»entagonal oodeca^dral class, 
53. g 

Tetiaheorite elsas, 58. 
crystals, 64, 69. 
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'etralw^rou, 15* 

’etrjikitftetral&lron, 57. 

’etramorphism,, 05. ' 

'hifi^fte, |03^ 

'hallin’m, atomic heat of, 89 
atomic weights, 25, 89. 
boilmg-yoint’of, 37. 

welting-«dutof,^5. , 

specific h£at of, 89 * * 

thallium nitrate, freezing-curve, >20. 

transition point of, 66. 

?horniochen>3try, 161-167. 

Fliorianite, 30A 
i*horite-oratgeite, 303. 

Thorium, atomic heat of, 89. 

atomic weight of, 25, 89. 
kernel ting-pomt of, 46. 

specific heat of, 89. 

Thulium, atomic weight of, 25. 

Tin, allotropy of, 65. 
atomic, heat of, 89. 
atomic weight of, 25, 89. 

^oiling-point of, 37. 

freezing-point curve of bismuth alloys of, 
116. 

ting-point of, 45. * 

•specific heat of, 89. 
transition ppint of, <J6, 69. 
trimorphous, 65.' 
valency of, 285. 

JHtynium, atomic heat of, 89. 

atomic weight of, 25, 89. 
c melting-point of, 46. 

specific heat of, 89. 

Tpbernitc, 303. 

Topical axial ratios,^'6. 

Tourmaline olass, OS'. 

crystal, 53, 62. 

Transference nlfyobcrs, 207. 

Transformation, latent hqpt of, 70. 
radioactive, 183. 

Transitioofttemperature, change of colour 
and,IP 

change of crystal form 0 £)d, 69. 
conductivity r^id, <?9. 
determination of, 67^ 
influence of pressure on, 69., 
melting-points and, 09, 70. 
solubility and, 69. 
temperatures}- table of. 66. 

Transparency, of elements to X-rays, 234. 
Transpiration of gases, 34. , 

Transport numbers, 206. < 

Trapezoh«dral clav, 52, 53. 

Trapezohedron, 57. 

Triads, Dumas’, 266. 

Triakis octahedron, 57. 

>etrah$ron, 58. 

Tri-clinic system, 52, 54. 

'Trigonal prisms, 61. 
system, 53, 55, 6L 
trapezob^ra, 0f’. 

Trimorpbijmi, 65. 

Trotf$ri t£j &3, 

Troutofpskv^ri $7. 


chemistry- 

* * * 

| Tungsten, atomic heat of, 89. 

| atoinic weight o$, 25, 89. *• 
melting-point of| 46. 
specific heat of, 89. 
s valency of. 285. 

| Tyndall test, 80. 


ULTEA-FUiTRATIfc'N,. 81. 

Ultra-miero8CO{i(f, colloidal solutions and, 80. 

Unimolecular^hange, 183.*"* 

Unit of heat, 86. 

Univariant system, 175. 

Universal constant, 234. 

Uranium, atomic heat of, 89. 
atomic weight of, 25, 89, 94. 
specific heat of, 89. 
valency of, 285. 

Urea crystals, 62. 

Vacuum flasks, % 2 . 

Valency, 282-289. 
a variable property, 286. 

Harlow and Pope’s theory, 7^-78. 
colloids and, 84. 

Periodic law and, 286. 
theories of, 287. 
volume, 76. r 

Valentinite, 73. 

Vanadium, atamic hea£ of, 89. 
atomic weight of, 25, 89. 
melting-point of, 46. 
specific hlat of, 89. 

Van der Wapis’ equation, 31. 

Vapour (ftiuuUF, Dumas’ method, 136. 
Hofma!»n*9 method, 136. 

Victoc Meyer’s method, 187. 

Yoqeig’s method, 137. 
density at Iftgh temperatures, 138. 
pressure, 34. 'i-*?' 

dynamic measurement of, 35. 
molecular depression o$7ll4. 
static measurement of, 35. 
transition temperature and, 69. 
pressure of dilute solutions, 113. 
of liquid mixtures, 11>. 
of solids, 46. 
of water, 35. 

Velocity constant, 182. 
of reaction, 181. 

Victor Meal’s valour density apparatus, 
137. 

Volatilisation, 46. 

,, .• 

Walden’s method. 

Water, ajjpociution,o$ 141, IfSfi, 158. 
di^KjiariorfcC, 22Jf‘ « * p 
elimination of, from chemicals, 244. 
infljjicnai of, on qfiemical reactions, 189^ 
on dtopaia^on, 189. 

i* mefc,ingT>cl«nt of, under pressure, fb,** 
specific l^gat m, S'/. * 

vapour tension of, 35. 

Wave nftmbgr, 234. p , 



SyB|pCT INDEXf 


Wofflwite, 303. 

’Wiillner’s law? 114. 

X-rays, trd^iparency ui oioiuouts tv, to*. 
and crysta%50. ~ 

Xenon, atomic weight of, 25, 354. 
boiling-point of, 37, 294. 
compressibility of, 29IV352. 
critical data for, 294,\8». 
density of, 294, 351. / 
history of, 35 1 . 
isolation of, 351. 
molecular weight of, 291, 352. 
occurrence of, 851. 
percentage of, in air, 351. 
properties of, 351-354. 
refractivity of, 294, 352. 
solubility of, 294, 852. 
table of properties of, 294. 
viyosity of, 294, 352. 

Zeeman effect in, 353. 
enotine, 303. 


aYounq^ vapour dens.ty 1 fl. 

Ytterbium, atomic weight of 9fi " 
Yttrium, atordrc weight of, *. 
¥ttro-lmtali l e, 303. 


Z REM an effect, 238. 

* in helium, 314. 

• in krypton, 350T 
in neoflf 328. # 

in xeiion, 353. 

Zinc, atomic heat of, 89, 92. 
atomic weight of, 25, 39. 1 
boiling-point of, 37. 
melting-point of, 45. 
4 g»ecific heat of, 89. 

Zinc blende, crystals of, 59. 

Zircon, 53, 62, 303. 

Zirconium, atomic houfc uf, 8 
atomic weight of, 25, 89. 
melting-point of, 45. 
specific heat of, 89. 
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